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ABSTRACT 


The technology status of 8-cm diameter electron bombardment ion 
thrusters is presented. Much of the technology resulting from the 5-cm 
diameter thruster has been adapted and improved upon to increase the re- 
liability, durability, and efficiency of the 8-cm thruster. Technology 
discussed includes; dependence of neutralizer tip erosion upon neutra- 
lizer flow rate; impregnated and rolled-foil insert cathode performance 
and life testing; neutralizer position studies; thruster ion beam profile 
measurements; high voltage pulse ignition; high utilization ion machined 
accelerator grids; deposition internal and external to the thruster; 
thruster vectoring systems; thruster cycling life testing and thruster 
system weights for typical mission applications. 


INTRODUCTION 
B. A. Banks 

Over the past decade auxiliary propulsion requirements for geosyn- 
chronous spacecraft have resulted in a need for lightweight, high spe- 
cific impulse, and highly reliable thruster systems. Typical missions 
have become long, and an ever-increasing fraction of the spacecraft mass 
must be devoted to auxiliary propulsion propellants (ref. 1). The high 
specific impulse of electric propulsion devices has increased their 
attractiveness to potential users because of their small propellant re- 
quirements. Communication satellites are being planned in three-axis 
stable platform configurations with large solar arrays which allow more 
power to be allocated to auxiliary electric propulsion. Although auxil- 
iary electric propulsion can provide an enormous user benefit compared to 
hydrazine systems, reliability and durability must be demonstrated to 
potential users. The Lewis Research Center has made considerable prog- 
ress in demonstrating the flight readiness of the electron bombardment 
ion thruster. 

The mercury electron bombardment ion thruster was successfully first 
tested in space on July 20, 1964 (ref. 2). This test. Space Electric 
Rocket Test I or SERT I, demonstrated that ion beam neutralization in 
space occurs as predicted in agreement with vacuum tank tests. SERT I 
shown in figure 1 was launched into a 51 minute ballistic trajectory dur- 
ing which the spin rate of the spacecraft was changed by thrust from the 
10 cm diameter electron bombardment ion thruster. 

Mercury ion thruster durability was demonstrated in space as a re- 
sult of SERT II, shown in figure 2, which was launched Feb. 3, 1970 


NASA TM X- 71611 
AIAA 74-1116 



2 


(ref. 3). During this test two 15 cm diameter mercury ion thrusters were 
tested resulting in durability tests of 2011 and 3781 hours. At the con- 
clusion of these tests, the thruster systems were shut down for 15 months 
after which a series of 188 cathode start up cycles were performed by 
Kerslake (ref. 4). This demonstrated that the ion thruster system could 
be stored for long periods in space and then started with no change in 
cathode performance or starting time. 

The Lewis Research Center has a strong program in both in-house re- 
search and development and contractural activities to produce a mercury 
ion thruster specifically designed for auxiliary propulsion. The first 
generation result of this effort shown in figure 3 was a Structurally 
Integrated Thruster 5 cm diameter (SIT-5). Durability tests of this 
1.78 mN (0.4 mlb) ion thruster performed by Nakanishi (refs. 5, 6, and 7) 
demonstrated 9715 hours thruster life. At the conclusion of this test a 
program was created to determine the wear out modes of the SIT-5 thruster 
and how a longer lifetime thruster could be designed. A 4.45 mN (1 mlb) 

8 cm diameter thruster was then chosen as the next generation auxiliary 
propulsion mercury ion thruster because of better suitability for pro- 
jected spacecraft and mission lifetimes (ref. 8) . Much of the SIT-5 
thruster technology has been incorporated in the 8 cm thruster develop- 
ment. This paper presents the technology status of the 8 cm thruster 
system program. 


THRUSTER COMrONENT TECHNOLOGY 
THRUSTER COMPONENT RESEARCH AND DEVELOPMENT TESTS 

At the conclusion of the SIT-5 thruster program, several research 
and development areas appeared fruitful to provide information for the 
design of a 4.45 mN (1 mlb) thrust,er with the required reliability and 
durability for 5 to 10 year missions. As a result, cathode evaluations 
were performed in the areas of neutralizer tip erosion, insert construc- 
tion, high voltage pulse ignition, and starting degradation due to con- 
taminants. Another area addressed was the thrust vectoring system. Both 
contractual and in-house efforts were pursued to design grid misalinement 
and gimbal vectoring systems. These systems were investigated to replace 
the electrostatic SIT-5 thruster system. This replacement was needed be- 
cause of longer life and higher thrust requirements of near term missions. 


Neutralizer Tip Erosion Studies 
A. J. Weigand 

The 5 cm thruster has been life tested for as long as 9715 hours. 
During the duration of the test, the neutralizer operating conditions 
degraded. The amount of tip power required during steady state opera- 
tions increased from 0 to 10 W. Examination of the neutralizer tip ori- 
fice revealed an increase in orifice diameter from 0.25 to 0.55 mm. Al- 
though the neutralizer did not cause the test to terminate, the effects 
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of the tip erosion were apparent. 

A study was undertaken to investigate possible causes for neutra- 
lizer tip erosion. In order to get reliable results in a relatively 
short time (hundreds of hours) experimental LeRC neutralizers were tested 
in a bell jar. The neutralizers were run with very thin (0.025 ram thick) 
tantalum tips and a nominal 0.25 mm orifice diameter. The neutralizers 
were operated at 5 cm thruster conditions (the collector simulated a beam 
current of 25 mA) and at 8 cm thruster conditions (72 mA collector simu- 
lated beam current). Tests with rolled foil inserts, cylindrical impreg- 
nated inserts, and no inserts were investigated at both thruster condi- 
tions. Tip erosion rates were determined by making microscopic photo- 
graphs of the orifice diameters. The photographs were used to measure 
the change in orifice diameter, and thus the loss of volume was calcu- 
lated. The erosion rate in cm3/hr was determined by dividing the volume 
lost by the total time of the test. If the flow rate is maintained at 
about 6 mA equivalent neutral flow for both the 5 and 8 cm thruster con- 
ditions (23 and 72 mA emission current, respectively) the erosion rate is 
reduced by a factor of 10 as compared to the lower flow rates. This 
should more than allow for a 20 000 hour mission. A life test using a 
flight type neutralizer operating a flow rate of 6 mA is being conducted 
to verify these results. 

During the neutralizer tip erosion studies there was no attempt to 
maintain a constant tip temperature. The tip temperatures ranged from 
800° to 1150° C, but no correlation of erosion rate with tip temperature 
was observed. Therefore, the authors believe that the effects of tip 
temperature were negligible on the erosion rate. 

The results of the test indicate that the tip erosion was dependent 
on the neutral Hg flow rate (fig. 4). The graph is a plot of Hg flow 
rate (equivalent mA) against tip erosion (cm^/hr) . The neutralizers with 
rolled foil inserts operated at 5-cm thruster conditions showed no ero- 
sion even at a flow rate of 2.6 mA. However, when the neutralizers had 
no Inserts, they showed an erosion rate that increased as the neutral 
flow rate decreased. From these data, it can be postulated that the neu- 
tralizer from the 9715 hour life test had a degraded insert which led to 
an increased neutralizer tip erosion. 

The neutralizers operating at 8 cm thruster conditions did not show 
an erosion rate dependence of whether an insert was present or not and 
only exhibited a flow rate dependence on erosion. 


Impregnated and Rolled Foil Insert Comparison Test 

W. R. Hudson 

A series of tests is being performed to compare impregnated and 
rolled foil inserts in hollow cathodes and neutralizers. The commercial* 
preparation of impregnated inserts is described in reference 9. The 
rolled foil inserts are the SERT II geometry with 1/2 mil tantalum foil 
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rolled into a tight coil and dipped into a Ba/SrCC^ (R-5CT0) emissive mix. 
Five rolled foil inserts and five impregnated inserts were tested as 
cathodes for SIT 8 thrusters. Measurements were taken of initial start- 
ing temperature, typical starting power, keeper voltage and current, and 
cathode tip power for running and lowest starting power. These numbers 
are summarized in table I. 

There appears to be very little difference between the two kinds of 
inserts, when tested in main cathodes. Measurements of collector voltage 
at various mercury flow rates were made for four keeper currents for each 
of the ten main cathodes. Again there was no clear cut performance dif- 
ference. One interesting and perhaps important point that was observed 
is that with both insert types, transition between the plume and spot 
mode can occur at mercury flow rates around 100 mA. This could cause po- 
tential problems in thruster operation, if the cathode operating condi- 
tions were near the transition point. Both types of inserts have been 
operated successfully in cathodes on thruster tests as reported in 8 Cm 
Thruster Cycling Endurance Tests section. 

Preliminary tests indicate that a much greater performance differ- 
ence occurs for mercury flow levels below 10 mA where neutralizers oper- 
ate. At the lower flow rate the impregnated insert requires substantially 
more tip heater power to run stably. 


High Voltage Pulse Ignition of Hollow Cathodes 
E. G. Wintucky 

A high voltage pulse technique has been demonstrated capable of 
rapid and reliable ignition of the hollow cathode discharges (refs. 10 
and 11) for both open and enclosed keeper cathodes. The high voltage 
pulse is generated by discharging a capacitor across the primary winding 
of a step-up transformer (ref. 10). The pulse is then applied to either 
an auxiliary electrode or directly to the keeper. 

Tables II and III show some of the cathode conditions required for 
pulse starting of 3.2-mm diameter enclosed keeper hollow cathodes with 
both rolled foil and alkaline-earth oxide impregnated inserts. The auxil- 
iary electrode consisted of a 0.75-mm diameter W-3% Rh wire positioned 
parallel to and 0.5 mm from the face of the keeper cap. When applied to 
the auxiliary electrode, the high voltage pulses were initially negative 
with respect to cathode ground. In general, breakdown voltage decreased 
with increasing cathode tip temperature and mercury flow rate, indicating 
that lower breakdown voltages may be possible. The high voltage pulse 
technique provides rapid and reliable cathode starting with moderate tip 
temperature and mercury flow rates at keeper voltages below around 35 V, 
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Cathode Insert Contamination Tests 
A. J. Weigand 

During ground tests, the neutralizer and main hollow cathodes of the 
electron bombardment ion thruster are occasionally exposed to atmospheric 
conditions and foreign substances , These materials may have a detri- 
mental effect on the inserts and cause the cathodes to operate poorly or 
not start at all. An investigation of the effects of various materials 
and conditions on the starting conditions of hollow cathodes was conducted. 

These tests were conducted in a bell jar using LeRC experimental 
cathodes. Both rolled foil inserts and cylindrical impregnated inserts 
were studied. The cathode starting technique is shown in figure 5. The 
igniter voltage (1000 V) was applied to the keeper. If the cathode would 
not start at a tip temperature of 1200° C, the insert was considered per- 
manently contaminated. A new insert would then be put in the cathode. 
Numerous substances and conditions were investigated to determine the 
effect on cathode inserts. These substances were used because they may 
be encountered while the hollow cathodes are at atmospheric conditions. 

When the cathode started three successive times on the first igni- 
tion pulse, it was determined to be operating normally. The cathode was 
then exposed to a potential contaminant. In the case of a vapor contami- 
nant, a beaker of the liquid form of the material was placed within 
7.5 cm of the cathode tip. The beakers were heated to increase vaporiza- 
tion and allow the cathode to be exposed to the vapor at 1 atmosphere of 
pressure. The beakers were then removed and the bell jar was evacuated 
for cathode testing. The effects of enclosing the cathode in polyethylene 
bags with and without a desicant (silica gel) were also studied. The pro- 
cedure for this test included carefully removing the cathode from the bell 
jar and placing it in the desired polyethylene bag. The bag was then 
sealed. The cathode was left in this environment between 24 and 72 hours 
after which it was put back into the bell jar. After exposure to each 
substance and condition the bell jar pressure was allowed to reach 
5 x 10 - 6 torr before the cathode was started. 

Table IV shows the results of the contamination tests with rolled 
foil inserts and impregnated inserts. For each test except the ones for 
argon and argon with a hot cathode tip, the cathode was initially exposed 
to air. Since air has caused a slight degradation of the cathode insert, 
the effect of the materials shown was a measure of further degradation. 

No degradation indicates that the substance had no effect on the starting 
characteristics and the cathode started on the initial ignitor pulse 
after exposure. A substance or condition has a slight effect if the 
cathode does not start on the initial ignitor pulse after exposure. Sub- 
sequent starts may or may not start at the same cathode conditions. In 
some cases a higher tip temperature was needed for startups. A substance 
which showed a major degradation is one in which the cathode would not 
start even at a 1200° C tip temperature. A major degradation for the 
rolled foil insert was exposure to argon of a hot tip. Other substances 
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that should be guarded against are NA500 vapor, acetone vapor, polyethyl- 
ene bag with dryrite, alcohol vapor, breath, and a hot tip exposed to air. 
Air, polyethylene bag with dryrite, diffusion pump oil, and a hot tip ex- 
posed to air cause major degradation for the impregnated inserts. In 
addition to the tests listed in table IV other substances and conditions 
were investigated. These included nitrogen gas, cigarette smoke, solder 
smoke, salt water vapor, argon gas, paint fumes, and saliva. None of 
these materials affected the operation of the cathode. 

The number of tests conducted for each substance is statistically 
insufficient. There are usually less than ten tests for each substance. 
However, the results do indicate that certain substances have a strong 
effect on cathode inserts and the damage is not reversible by using the 
starting technique described in figure 5. 


Thrust Vectoring Systems 
W. R. Hudson, R. J. Zavesky and J. Hyman, Jr. 

It is desirable to control the precise direction of the thrust vec- 
tor to compensate for initial misalinement of the thruster, to allow 
changes in the thrust orientation during the mission, and to control the 
attitude of the satellite. It is also possible to reduce the number of 
thrusters required to perform attitude control of a satellite by using 
the vectoring capability to obtain east-west station keeping. All of the 
vectoring systems currently being considered are designed to be capable 
of ±10° of thrust vectoring in two orthogonal directions. 

Several alternative thrust vectoring schemes have been investigated 
including three dished grid translational systems and three thruster gim- 
baling systems. Two of the dished grid translational systems have been 
designed at LeRC and the third has been designed and built under contract 
by the Hughes Research Laboratories (HRL) . Dished grid translation sys- 
tems allow thrust vectoring without movement of the thruster and are in 
general lighter weight than thruster gimbaling systems. HRL has also 
been contracted with to design and fabricate a thruster gimbaling system. 
Two LeRC thruster gimbaling systems have been designed, one of which 
presently seems to be the primary candidate for flight qualification on 
the SIT 8 thruster. 

A rotary solenoid dished grid displacement system is shown in fig- 
ure 6. The accelerator grid is supported by four flexural columns. The 
columns are oriented so that they are colinear with radii of curvature of 
the dished grid. This orientation minimizes the changes in the grid 
spacing with grid deflection and also provides a restoring force to re- 
turn the system to its equilibrium position. Grid displacemant is 
achieved by a rotary solenoid driven, cam actuator system. The rotary 
solenoid is mounted on a bracket from the screen mounting ring. A pre- 
cisely machined cam is mounted touching a flat on the accelerator grid 
support. The rotary solenoid turns a drive arm through 45 degree rota- 
tion which results in a thrust deflection of 10°. The cam is machined to 
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provide thrust vector steps of angles 0°, +10°, 0°, and -10°. The design 
also includes provisions for a return spring to hold the accelerator grid 
firmly against the cam drive mechanism. The second dished grid displace- 
ment system designed by LeRC is shown in figure 7. It uses the same 
flexural column mount ring assembly as does the rotary solenoid cam sys- 
tem. The grid displacement is achieved using a differential screw driven 
by a stepping motor. The stepping motor is mounted on the screen grid 
mount ring. It in turn drives a differential screw by means of a gear 
transmission system. The output side of the differential screw drives 
the grid mount ring. The differential screw system provides continuous 
thrust vector displacement. The exact grid position can be determined 
knowing the initial position and counting pulses to the stepping motor. 

The dished grid displacement system (fig. 8) designed by HRL also uses a 
flexural column support system. A remote stepping motor drives a cam en- 
closed in a protective bellows. The cam deflects the top of the bellows 
which in turn is fastened to the accelerator grid. 

A thruster gimbaling system based on the SERT II gimbaling system is 
shown in figure 9 . In this design there are two concentric rings with 
mutually perpendicular pivot points. The inner ring mounts onto the 
thruster as previously described. The outer ring mounts to the space- 
craft structure. Jackscrews are used to achieve two degrees of orthog- 
onal motion, one jackscrew mounted to each ring. 

A gimbaling system designed by HRL under contract to LeRC utilizes a 
linear actuator of the jackscrew type. This type actuator was used on 
Intelsat IV to move the antenna, and has operated very successfully. The 
concentric ring design with mutually perpendicular pivots has been used 
here also. The complete system is shown in figure 10. 

The gimbaling system currently favored by the Lewis designers is 
shown in figure 11. The gimbal mounts onto a cylindrical support tube 
that connects to the thruster backplate. The gimbal mounting has a com- 
bination hinge and pivot support, which allows the required two degrees 
of freedom. The mount ring can rotate about a diameter and simultaneously 
tilt on end. Opposite to the hinge-pivot point is a dynamic support 
which prevents excessive amplitude vibration during a launch environment. 
The mount ring is displaced by two jackscrew linear actuators. The jack- 
screws are driven by variable reluctance stepping motor and gear system. 
The primary reason for favoring this gimbal design over other gimbal de- 
signs is that it has greater structural strength in the launch environ- 
ment. Originally the dished grid vector systems were favored over gimbal- 
ing systems on the expectation that they would be much lighter than gim- 
baling systems. Recent gimbaling systems have design weights of 0.57 kg 
which is only slightly greater than that expected for dished grid dis- 
placement system. Recent substantial thruster performance improvements 
resulting from the use of small hole accelerator grids preclude the use 
of misalinement vectoring. This, combined with the greater ability to 
withstand the launch environment and elimination of a high voltage insu- 
lation requirement, has directed the LeRC program towards a thruster gim- 
baling system as the primary approach to thrust vectoring. 
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THRUSTER COMPONENT ENDURANCE TESTS 

Potentially attractive new component technology requires endurance 
testing under realistic environmental conditions to access reliability 
and durability. Significant component endurance tests are discussed in 
this section. 


SIT-5 Cathode Endurance Test 
E. G. Wintucky 

A cathode-isolator-vaporizer assembly (CIV) designed for use in a 
5-centimeter diameter ion thruster has completed over 19 000 hours of 
operation in an ongoing cathode endurance test. The first 9715 hours of 
operation were as the main cathode in a SIT-5 thruster. For the remain- 
ing time the CIV was operated in a vacuum bell jar where the ambient 
pressure was in the 10“^ torr range. Table V gives the cathode condi- 
tions for the period of operation in the thruster and the period of oper- 
ation in the bell jar. Other details of operation in the thruster are 
found in references 5 to 7. The cathode was a 3.2 mm diameter tantalum 
tube with an enclosed keeper and an alkaline -earth oxide coated rolled 
tantalum foil insert. Other construction details are given in refer- 
ence 12 . 

During operation in the thruster and for the first 647 hours in a 
bell jar the cathode was started by heating the cathode tip to a temper- 
ature sufficiently high for spontaneous ignition of the keeper discharge. 
The cathode starting conditions for the conventional starts are presented 
in table VI. 


After a total of 10 362 hours of operation the cathode shut down dur- 
ing a facility failure and then would not restart with the conventional 
method. The maximum tip heater power applied was 25 W. 

Restarting of the cathode was finally accomplished by applying a 
high voltage pulse to the keeper, using a high voltage pulse starting 
technique previously described. Subsequently the cathode has been re- 
started 19 times with a high voltage pulse to the keeper, following out- 
ages resulting from facility failures or power interruptions. The cath- 
ode conditions for the 20 high voltage pulse starts are summarized in 
table IV. Breakdown voltages ranged up to 7 kV. 


Impregnated Insert Cathode 
W. R. Hudson 

A hollow cathode with an impregnated insert has operated over 
16 000 hours. The cathode has a right circular cylinder impregnated 
porous tungsten insert. The operating conditions are consistent with the 
main cathode of the SIT-5 thruster. Complete details of geometry and 
operating conditions are given in reference 9. 
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Cyclic Life Test of Impregnated Insert 
A. J. Weigand 

A test of an impregnated insert main cathode operated at 8 cm 
thruster conditions was conducted to ensure long life combined with many 
cyclic restarts. An experimental cathode with a cylindrical impregnated 
insert was tested. The cathode was operated at conditions of 0.25 A 
keeper current, 0.5 A emission current, and 85 mA equivalent flow rate. 

The test was terminated after 1173 cycles and 1460 hours of opera- 
tion. The cause of the termination was the ceramic keeper enclosure 
which developed a crack and fell apart. There was local heating at the 
crack which melted a portion of the ceramic. When the test was termi- 
nated, the cathode was still starting within fifteen minutes after the 
tip and vaporizer heaters were turned on. The tip temperature was 
1050° C at ignition and during the entire test. The steady state param- 
eters did not change significantly. Although the cathode tip face was 
pitted, the orifice diameter (0.50 mm) did not change. The results of 
this test are also reported in reference 9. 


10 000 High Voltage Ignition Cycles of a Cathode 
E . G . Wintucky 

A 3.2 mm diameter enclosed keeper cathode with a coated rolled foil 
insert has been started over 10 000 times by a high voltage pulse applied 
to an auxiliary electrode (ref. 10). No degradation in starting capa- 
bility occurred, demonstrating the durability of the electrode and 
cathode under high voltage breakdown conditions. 

The pulses were initially positive with ignitor gap breakdowns 
occurring at 10 to 13 kV. Up to four times as many breakdowns occurred 
at 4 to 7 kV on the negative part of the pulse (ref. 10). Cathode start- 
ing conditions were a tip heater power of 9.5 W (tip temperature <800° C) , 
an equivalent Hg + flow of 15 to 17 mA and a keeper voltage of 100 V. 

The auxiliary electrode was identical in material, position and geom- 
etry to that described in the "High Voltage Pulse Ignition of Cathodes 
and Neutralizer" section of this paper. After more than 10 500 pulse 
starts the point on the originally wedge-shaped tip was observed to have 
only slightly eroded (to a depth of 0.25 mm); however, no impairment of 
starting capability resulted. 


Isolator Endurance Tests 
S. Nakanishi 

The advantages of an electrically isolated propellant feed system 
for mercury bombardment ion thrusters have encouraged the development of 
the mercury vapor isolator (refs. 13 to 15). Early isolator tests at 
conditions of an operating 5 cm thruster have been reported in refer- 
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ence 16. A SIT-5 isolator (ref. 12) operated for 5400 hours at 1300 V 
potential difference with no increase in leakage current. The test was 
terminated to run an upgraded 8-segment isolator at 1600 V. More re- 
cently, an isolator of identical design is being tested (6235 hr to date) 
in a cyclic— endurance 8 cm thruster test at 1250 V. 

The purpose of this section is to present the results of various 
isolator endurance tests. For clarity, the tests are designated as fol- 
lows : 


Test A. Initial 1600 V test 

Test B. Continued 1600 V test with redesigned sputter shield 

Test C. On-going 8 cm thruster isolator test at 1250 V 

A schematic drawing of the thruster simulation in a vacuum bell jar 
is shown in figure 12. Details of this setup are given in reference 16. 

Test A was conducted on a second generation design of the SIT— 5 iso- 
lator described in reference 12. The external sputter shield around the 
isolator body was a single layer of thin sheet stainless steel spotwelded 
to the isolator flange. 

Test B was initiated after contamination of the external surface of 
the isolator from Test A required a shutdown and cleanup. The isolator 
cleanup was performed by wrapping all metallic parts with polyethylene 
plastic and sandblasting the ceramic surface. As an added precaution, 
the sputter shield was redesigned. Instead of spotwelding a cover around 
the isolator, the support cone normally used in a thruster installation 
was made to serve as an outer shield. The open end of the support cone 
was closed off with overlapping disks which were closely separated to pro- 
vide an effective barrier to contaminants. The end of Test B resulted 
from repeated malfunctioning of the bell jar pumping system, causing dif- 
fusion pump oil to backstream into the test environment necessitating a 
shutdown and cleanup. 

A composite history of Tests A and B is shown in figure 13. Plotted 
against time in hours are the vaporizer temperature and the leakage cur- 
rent across the isolator. The 340° C vaporizer temperature corresponded 
to a propellant flow rate of approximately 30.4 mA, which was the nominal 
cathode flow rate of the 5 cm thruster. After about 750 hours of Test A, 
the leakage current began to rise at a slowly increasing rate. By 3220 
hours, the leakage current had increased to 6.6 pA with no indication of 
leveling off. The test was terminated for cleanup and shield replacement. 

For convenience of logging, the total hours on the isolator and its 
cathode are shown in figure 13. As a precaution, the vaporizer was 
started at somewhat reduced temperatures and increased to 340° C at about 
5300 hours. This temperature level was held for about 1000 hours before 
increasing it to 350° C. After about 6300 hours (or 3080 hours into 
Test B) a series of facility malfunctions occurred. The subsequent rise 
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in leakage current may be due partly to the resulting contamination and 
partly to the higher vaporizer temperature. 

During the final hours of this test, the vaporizer temperature was 
successively reduced which appeared to cause a temporary drop in leakage 
current. Continued operation at even the lower temperature, however, re- 
sulted in a gradual rise of leakage current. The test was terminated at 
8400 hours after no indicated leveling off of the rise rate of leak- 
age current. 

The Test C isolator is being tested in an 8 cm thruster cycling en- 
durance test. The isolator in that test has logged over 6235 hours with 
no progressive increase in leakage current. The careful shielding of the 
isolator external surfaces and environmental operating pressure main- 
tained in the low 10 “^ torr range have contributed to trouble-free oper- 
ation. 


Expulsion System Endurance Test 
S. Nakanishi 

A mercury propellant feed system for flight application must fulfill 
numerous requirements such as positive and near complete propellant expul- 
sion under weightlessness, varying thermal environment, long-term material 
compatibility, structural integrity, and some provision for monitoring 
propellant inventory. Tests were conducted on a flight prototype expul- 
sion system to determine the long-term retention capability of the reser- 
voir pressurizing gas and vaporizer flow control. 

The reservoir test was run in conjunction with the isolator tests 
discussed elsewhere previously. Presented in this section are the time- 
pressure -vaporizer temperature history of the various tests and the con- 
clusions drawn therefrom. 

Description of the test setup for the propellant reservoir, cathode- 
isolator-vaporizer and simulated thruster has been given in reference 16 
and in the Isolator Endurance Test section (fig. 12). Details of the 
SIT-5 reservoir design may be found in reference 12. Briefly, the design 
embodies a hemispherical rubber bladder separating the pressurizing nitro- 
gen gas and the liquid mercury. Positive seal fill valves were used for 
the gas and mercury compartments. A pressure transducer senses the gas 
pressure indicating propellant remaining. A heater coil and thermocouple 
were attached to the outer wall of the mercury reservoir. Several im- 
provements were included in a second generation design of the expulsion 
system and are described in reference 17. 

The first of two expulsion system tests described herein was con- 
ducted on the first generation design or SIT-51 reservoir. A history of 
the test is shown in figure 14. As discussed in reference 16, the volume 
change of the pressurizing gas under isothermal conditions, and hence the 
loss in mercury volume, can be related to the ratio of initial to final 
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resistances of the reservoir pressure transducer. This parameter is 
shown plotted in figure 14. A variation linear with time indicates a 
constant flow rate as would be expected for a constant vaporizer tempera- 
ture. This linearity has been reported in reference 16 with an inferred 
flow rate of 0.228 gm/hr or 30.4 mA equivalent Hg + for the period up to 
5400 hours at which time the CIV assembly was changed. From 5400 to 
8600 hours the new vaporizer was operated at 340° C and the plot of re- 
sistance ratio with time showed a similar linear relation. The discon- 
tinuous jog in the resistance ratio at 5400 hours is a drop in reservoir 
mercury volume as the new CIV assembly was fitted. 

The remainder of the test covered a number of vaporizer temperatures, 
none of which was held sufficiently long to infer an accurate and con- 
stant flow rate. During this portion of the test, greater emphasis was 
placed on evaluating the isolator durability at the expense of a rigorous 
test on the expulsion system. 

The test on the second generation design propellant reservoir is 
still in progress. Sufficient test time has not been accumulated to give 
definitive results. The gradual change in the gas pressure transducer reading 
indicates that the propellant flow rate is normal. 


THRUSTER TECHNOLOGY 


This section of the paper describes tests performed with auxiliary 
propulsion ion thrusters to document and/or improve thruster reliability, 
durability, and spacecraft compatibility. 


THRUSTER RESEARCH AND DEVELOPMENT TESTS 

Sputter Erosion and Deposition in the Discharge Chamber 

J. L. Power 

A series of three ~400 hour operational tests were performed with 
the SIT-5 thruster to investigate the effect of the discharge potential 
(AVj) on the sputter erosion and deposition rates in the discharge 
chamber. These studies have been reported (ref. 18). The thruster 
(fig. 15) was essentially identical to that endurance-tested for 9715 
hours (ref. 7) and employed an electrostatic vector grid system. In this 
thruster all the discharge chamber components remain at the cathode tip 
potential during operation except for the cathode keeper and the anode. 
Constant discharge potentials of 36.6, 39.6, and 42.6 V, respectively, 
were maintained during the three tests by a feedback control loop which 
automatically adjusted the main cathode flow rate to achieve the set 
AVi. The other thruster operating parameters were controlled or main- 
tained at values, shown in table VII, which had previously been optimized 
for the thruster. 


It was found (ref. 18) from these tests that the sputter erosion 
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rates of most of the exposed discharge chamber components were in the 
approximate ratio of 1:3:5 for the tests arranged according to increasing 
AVi, as seen in figure 16. The components most heavily eroded on a 
weight basis were the cathode pole piece, the thruster endplate, the 
anode pole piece insert, the baffle assembly, and the upstream side of 
the screen grid. 

The anode was found to gain weight in each of the erosion tests, and 
these weight gains were also in the ratio of 1:3:5, as seen in figure 16. 
For each of the tests , the anode weight gain nearly equaled the sum of 
the measured and estimated component weight losses for the test, Spectro- 
graphic analysis of the coating deposited on the anode confirmed the con- 
clusion that essentially all of the material eroded from the discharge 
chamber components deposited on the anode. Only a negligible amount of 
it was lost through the grids. 

Additional conclusions were drawn from the weight gains and losses 
of the discharge chamber components, the spectrographic analyses, and 
scanning electron microscope examination and X-ray fluorescence charac- 
terization of the anode coatings. One of these conclusions was that 
little material sputtered from the accelerator grid system could have 
passed through the grid system and deposited in the discharge chamber. 
Furthermore, material sputtered from components near the downstream end 
of the discharge chamber, i.e., from the screen grid and the anode pole 
piece insert, was found to have deposited predominantly at the downstream 
end of the anode, whereas material sputtered from upstream components was 
quite uniformly deposited over all portions of the anode. 

Spalled anode coating flakes 3 to 5 pm thick were collected from the 
discharge chamber after completion of the erosion tests. Examination and 
comparison of these flakes relative to anode coating specimens from the 
9715 hour SIT -5 endurance test, however, revealed no simple correlation 
between the tendency of the anode coating to spall off in flakes and such 
characteristics as the thickness and composition of the coating, its sur- 
face characteristics, or its location on the anode. 


Finally, it was found that the relative sputtering rates observed in 
the three erosion tests could be well correlated with a semitheoretical 
curve (fig. 17), representing the variation in the doubly charged mercury 
ion (Hg"*"2) production expected over the range of AVj investigated. 

This correlation took into account sputter yield changes over the same 
AVx range and also the reduced energy of the primary electrons from that 
given by AVj, a reduction given approximately by the relation 


= AV X - 


CK 


in which Vp is the primary electron energy in eV and Vqt is the 
cathode keeper potential in volts. The good correlation of the relative 
sputtering rates found with the relative Hg + ^ production rates, as well 
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as the lack of arty such correlation with the relative Hg ion densities 
present, strongly supports the conclusion that Hg + 2 ions are the species 
predominantly responsible for the observed sputter erosion of discharge 
chamber components in thrusters operated at AV^’s near 40 V. 

Spalled anode coating flakes were principally responsible (ref. 7) 
for the termination of the 9715 hour endurance test. Examination and 
X-ray analysis of these flakes and other samples of the anode coating 
using the scanning electron microscope revealed several interesting fea- 
tures . The endurance test anode flakes were 10 to 30 pm thick , indicat- 
ing substantially higher average erosion and deposition rates during the 
endurance test than predicted from its nominal AVj of 38 V on the basis 
of the AVj-erosion test results. The flakes also showed a layered struc- 
ture, as seen in figure 18, evidently reflecting rapid and substantial 
changes in the sputter deposition rate and deposited material composition 
during the course of the test. X-ray analyses of accessible flake layers 
and surfaces confirmed that periods occurred during the test in each of 
which a single component was intensely sputtered and produced most, in 
some cases nearly all, of the material deposited during that period. 

This sputtering behavior, which was not observed in the SIT-5 400-hour 
erosion tests described above, was at least partly responsible for the 
higher than predicted average erosion and deposition rates during the 
test . 


Because of its indicated sputter resistance and other favorable 
characteristics, graphite is an attractive material for use in construct- 
ing ion thruster discharge chamber components subject to intense sput- 
tering. To test this idea, thick and thin baffles for the SIT-5 thruster 
have been fabricated both from anisotropic pyrolytic graphite and from 
high purity isotropic (nonpyrolytic) graphite. In addition, pyrolytic 
graphite covers for the interior surface of the thruster endplate have 
been made. In all cases the pyrolytic graphite parts have been con- 
structed so that the graphite molecular layers were parallel to the ex- 
posed flat surfaces of the finished pieces. Pyrolytic graphite baffles 
have been fabricated both by machining solid pieces and by pyrolytically 
depositing (ref. 19) the graphite at high temperature on graphite and 
tantalum substrates. 

Operational tests of the SIT-5 thruster have been performed with 
the above-described graphite baffles (though not as yet with the pyro- 
lytic graphite-coated baffles) and with a pyrolytic graphite endplate 
cover (0.53 mm thick). To install the baffles, the SIT-5 baffle mount 
system was substantially modified, eliminating the long screw which 
projected a substantial distance into the main volume of the discharge 
chamber (see fig. 15) . The thick pyrolytic graphite baffle assembly 
(2.8 mm thick) is shown in figure 19 before running. Figure 20 similarly 
shows the thin isotropic graphite baffle (0.63 mm thick) assembled for 
running. It is held in place by a specially fabricated, thin head tanta- 
lum screw. 


The operational tests with the graphite thruster parts, in particular 
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one 400 hour test with the thick pyrolytic graphite baffle assembly and 
the pyrolytic graphite endplate cover, demonstrated a substantial reduc- 
tion in the erosion rates of these parts as compared with the standard 
mild steel and tantalum SIT-5 components run under comparable conditions 
in the erosion tests described above. Quantitative weight loss compari- 
sons were made difficult by the pronounced tendency of the graphite to 
sorb and retain substantial amounts of mercury. Because of this, the 
pyrolytic graphite baffle assembly actually showed a net weight gain dur- 
ing the 400 hour test. Furthermore, the strong possibility exists that 
the apparently superior sputtering resistance of graphite to mercury ions, 
as seen in the tests, is at least partly due to this property of sorbing 
the neutral mercury vapor. The sorbed mercury could produce a self- 
renewing surface layer protecting the substrate graphite from much of the 
sputtering damage it otherwise would suffer. 

The thick pyrolytic graphite baffle assembly used in the 400 hour 
test showed numerous cracks and incipient splits between graphite layers 
following the test, as seen in figure 21. This problem of between- layer 
splitting also occurred near the beginning of the cycling endurance test 
of an 8-cm thruster and is believed due to the anisotropic thermal expan- 
sion properties of pyrolytic graphite. No splitting or separation of the 
pyrolytic graphite endplate cover has been observed in any of the tests, 
however, nor has any structural problem been encountered in tests employ- 
ing the thin, isotropic graphite baffles. 

As elsewhere reported in this paper, an 8-cm thruster employing a 
thin isotropic graphite baffle (0.63 mm thick) and a pyrolytic graphite 
endplate cover has already been operated over 7400 hours and restarted 
over 220 times in a continuing endurance test. No structural problems of 
the graphite components and no effects on the thruster performance due to 
their erosion have so far been observed. 

Another coordinated approach is being evaluated to cope with the 
sputter erosion of discharge chamber components and the deposition of 
sputtered material on the anode. One part of this approach is to assure 
that the exposed surfaces of all the discharge chamber components subject 
to sputtering are fabricated of a single material of good sputter resist- 
ance and good fabrication properties. Tantalum was the material chosen 
to meet these criteria. 

The SIT-5 thruster was modified so that, except for the molybdenum 
grid system, all the exposed surfaces of the discharge chamber components 
subject to sputtering were either constructed of, coated with, or covered 
by tantalum. A diagram of the resulting thruster is shown in figure 22, 
which may be compared with the SIT-5 thruster diagram in figure 15 to 
Identify the changes made. Tantalum foil covers were installed over the 
exposed mild steel surfaces of the cathode pole piece and a tantalum 
baffle and baffle hold-down screw, seen in figure 23, were employed in a 
baffle assembly exactly like that shown in figure 20. The assembled 
cathode pole piece and baffle structure is shown in figure 24. A tanta- 
lum endplate cover was installed, and the nickel-plated surfaces of the 
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anode pole piece insert were plasma spray-coated with a 0.08 to 0.10 mm 
thick coating of tantalum, resulting in the rough, granular surface 
appearance seen in figure 25. 

The SIT-5 thruster with the above alterations (and with anode modi- 
fications subsequently described) was operated continuously for 200 hours 
at a discharge voltage of 64.6 V and otherwise standard SIT-5 
operating conditions, as tabulated in table VIII. A preliminary report 
(ref. 20) describing the test and its results is in preparation. The 
high AV X was employed in an attempt to achieve accelerated life testing 
of the discharge chamber components with regard to their sputter erosion, 
as suggested by the results of the SIT-5 erosion tests described previ- 
ously. The test was also designed to investigate the adherence of this 
sputtered material to the anode. A AVj of 64.6 V was chosen because 
this value was found in preliminary experiments to be essentially the 
maximum AV^- at which the thruster could be stably operated over an ex- 
tended period of time with the available power processing unit. 

The discharge chamber components most severely sputter eroded on a 
weight basis in the accelerated life test were the screen grid upstream 
surface (as estimated), the tantalum foil cover over the cathode pole 
piece tip, and the baffle. These and the other major component weight 
losses found are given in table IX. Figure 26 shows the severe sputter 
erosion evident on the exposed downstream surface of the baffle. 

The only individual discharge chamber components used without modi- 
fication in both the previous SIT-5 erosion tests and the accelerated 
life test were the baffle and the screen grid. A comparison may be made 
between the sputter erosion rates measured or estimated for these two 
components in the accelerated life test at AVp = 64.6 V and in the 
SIT— 5 erosion test at the normal AVj of 39.6 V. (All erosion of the 
screen grid in both tests is presumed to have been on the discharge 
chamber side, in accordance with observation.) 

For both components such a comparison indicates that the erosion 
rates at the higher AV^ were 75 times greater than those at the normal 
AVj. Thus the equivalent operating time at AVj = 40 V indicated for 
the 200 hour accelerated life test, as regards the sputtering of the 
discharge chamber components, is approximately 15 000 hours. The very 
large acceleration factor found in the sputtering rates cannot be ac- 
counted for solely by the Hg + ^ ion sputtering theory which the SIT-5 
erosion test results support. This theory would predict an acceleration 
factor of only ~24 in the sputtering rates. The accelerated life test 
results suggest that sputtering by Hg + 3 ions becomes important when the 
discharge potential is raised to the neighborhood of 65 V. 

None of the discharge chamber components was sputter eroded in the 
accelerated life test to such an extent that its structural integrity or 
further serviceability was at all threatened. In fact, no component 
appeared in danger of such deterioration for at least several times the 
15 000 hour equivalent operating duration of the accelerated life test. 
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The most heavily eroded component in the test, relative, to its size, was 
the baffle, which lost 10 percent of its weight, 13 percent of its outer 
edge thickness, and 1.3 percent of its outside diameter during the test. 

Despite some differences, the qualitative sputter erosion pattern 
and characteristics observed in the accelerated life test were quite sim- 
ilar to those seen in the SIT-5 erosion tests. Furthermore, it was again 
found in the accelerated life test that the weight gain of the anode 
(including material spalled from it) essentially accounted for all the 
weight lost by the other discharge chamber components. These observa- 
tions support the validity of conducting an accelerated life test at an 
elevated AV-j- to reproduce, at a much accelerated rate, the general fea- 
tures of the discharge chamber sputtering and sputter deposition occur- 
ring during normal, uncycled thruster operation. 

The second part of the coordinated approach under investigation as a 
solution to the problems of sputtering and sputter deposition in mercury 
ion engines is to drastically alter the surface character of the anode. 
The aim of this innovation, which was also evaluated in the accelerated 
life test, is to prevent the spalling of dangerously large flakes of the 
sputter-deposited anode coating, either by greatly improving the adhesion 
of the sputtered coating to the anode or by ensuring that any flakes that 
spall off are so small as to pose no threat to the thruster operation. 

To test the possibilities of improving the adhesion of the sputtered 
coating to the anode, smooth and coarsely grit-blasted anode surfaces of 
both stainless steel and tantalum were exposed in the accelerated life 
test. The complete anode assembly employed in this test is shown in fig- 
ure 27. The tantalum surfaces comprised a tantalum foil insert attached 
to the interior of the anode while the stainless steel surfaces were ex- 
posed portions of the anode itself. The roughened sections of both mate- 
rials were prepared by a standard grit-blasting procedure using a 50 yra- 
size silicon carbide abrasive powder in a micro-sandblasting apparatus. 
The roughened stainless steel anode surface is shown before the test in 
figure 28. An electron micrograph of this surface at 2000 times magnifi- 
cation is seen in figure 29 and shows its extreme, small scale angularity 
and roughness . 

To test the possibilities of limiting the size of spalled flakes of 
the sputtered anode coating, a tightly woven stainless steel wire cloth 
insert was also installed on the interior surface of the anode for the 
accelerated life test. Figure 30 shows an enlarged view of the wire 
cloth used. The superficial mesh openings of the cloth measured 0.40 by 
0.50 mm, and the question of interest in testing the insert was whether 
any coating flakes which spalled from it would be limited to these dimen- 
sions. Thus the complete anode assembly (fig. 27) employed in the accel- 
erated life test consisted of two inserts and five different exposed sur- 
faces, as described above. 


Examination of the anode assembly following the accelerated life 
test revealed that the anode coating adhesion was immensely improved by 
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grit-blasting the substrate surface, indeed that this had an overriding 
effect on the coating adhesion. The sputtered coating adhered completely, 
without cracks, flaws, or spalling, to both the grit-blasted stainless 
and the grit-blasted tantalum surfaces. The lower portion of figure 31 
shows the coated, grit-blasted tantalum surface as it appeared following 
the test. Even on severely stressing these coated grit-blasted surfaces 
by cutting out pieces of them, no cracking or spalling of the coating 
occurred. 

Both the smooth stainless and the smooth tantalum surfaces, on the 
other hand, showed extensive spalling of their sputtered coatings, as 
seen in figure 32. The coating on well over half the area of both these 
surfaces had spalled off completely when examined following the test, and 
on stressing the smooth surface of the tantalum insert by cutting out 
samples from it much of the remaining coating separated from it. A por- 
tion of the copious amount of anode coating flakes found in the thruster 
following the test is shown in figure 33. These flakes clearly origi- 
nated from spalling of the sputtered coating off of the smooth anode sur- 
faces. Many of the flakes were over 1.0 mm long, much longer than neces- 
sary to short out the grid system or cause other serious problems. 

The overriding importance that grit-blasting of the substrate sur- 
face has on the adhesion of the sputtered anode coating is well demon- 
strated in figure 31. This figure shows that the boundary between the 
completely spalled and the completely unspalled coating regions on the 
tantalum anode insert exactly coincides with the boundary between the 
smooth and the grit-blasted areas of the insert. 

The stainless wire cloth anode insert initially showed fairly good 
adhesion of its sputtered coating following the accelerated life test. 
However, on microscopic examination many cracks in the coating could be 
seen along the exposed wire crests. And with time, much of the coating 
on the exposed wire surfaces spalled off, leaving coating fragments on 
the individual wires of the insert which appeared as shown in figure 34 
when viewed with the scanning electron microscope. On extensive examina- 
tion of the spalled coating areas of the wire cloth insert , no evidence 
could be found for the spalling of flakes larger than a fraction of the 
superficial mesh opening dimensions of the cloth; indeed, no cases could 
be found in which a continuous coating extended from one wire of the 
cloth to an adjacent or crossing wire. Hence the results of the experi- 
ment indicate that the size of spalled anode coating flakes can indeed be 
limited as required by employing a tightly woven wire cloth anode surface 
of appropriately small mesh size. 

The results of the accelerated life test strongly support the effec- 
tiveness of the coordinated design approach described above in solving the 
twin problems of component sputter erosion and sputtered deposit spalling 
from the anode. The solution consists of fabricating from tantalum all 
the discharge chamber component surfaces subject to sputtering by the 
main discharge (apart from the molybdenum screen grid) and employing 



19 


either grit-blasted or fine mesh wire cloth anode surfaces. 

The attractive possibility also exists, and is presently being in- 
vestigated, of utilizing a combined grit-blasted and fine mesh wire cloth 
anode surface. Such a surface will presumably combine the advantages 
both of superior anode coating adhesion and of mesh dimension— limited 
flake size should any spalling of the coating occur. An electron micro- 
graph of a grit— blasted fine mesh stainless wire cloth which will be 
tested as an anode surface is shown in figure 35. The gross difference 
in surface character between the grit-blasted portion of the screen at 
the bottom of the figure and the non grit— blasted portion at the top is evi- 
dent. 


Neutralizer Position Studies 
S. Nakanishi 

Some requirements for a hollow cathode plasma bridge neutralizer to 
be used on long duration space missions are : 

(1) Good coupling and hence lower power loss neutralization of the 
thruster ion beam 

(2) Minimum erosion of the neutralizer due to ion beam impingement 
or plasma discharge sputtering 

(3) Minimum neutralizer caused erosion of the accelerator grid from 
fall-back of low energy neutralizer ions 

It is believed that these requirements can be fulfilled by proper 
geometrical design and positioning of the neutralizer. To this end, a 
series of systematic tests have been conducted to determine the effects 
of neutralizer position and keeper hole size on beam neutralization. 

The 8 -cm thruster was operated at a constant ion beam current of 
72 mA while the neutralizer was moved axially and radially. A range of 
keeper hole sizes from 0.132 to 0.178 cm was tested. All tests were con- 
ducted in a 1.5 by 4.9 m vacuum facility at operating pressures of 
3 x 10 - 6 torr or less. 

A photograph of the movable neutralizer thruster installation is 
shown in figure 36. Horizontally translatable tracks were used to pro- 
ject the thruster past a close-off gate valve and into the 1.5-m diameter 
section of the vacuum facility. Any possible wall effects upon beam neu- 
tralization were thereby minimized. 

The 8 -cm diameter thruster was essentially identical to the one used 
in the thruster cycling-endurance test except no auxiliary electrode was 
used. The accelerator grid had an active area 8 cm in diameter. 


The neutralizer vaporizer assembly was also obtained from the 5-cm 
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thruster program, using an insert of the rolled foil type. An auxiliary 
electrode was mounted on the neutralizer to permit auxiliary electrode 
pulse ignition. Two-directional movement of the neutralizer was accom- 
plished by a carriage assembly mounted on a push-pull tube. A sealed 
shaft inside the tube was fitted with a pinion gear which engaged a rack 
on the neutralizer carriage. The axial position of the neutralizer could 
be varied 6.3 cm by sliding the tube in or out parallel to the thruster 
axis. The radial movement of 3.1 cm was accomplished by rotating the 
shaft through an angle of 360 degrees . 

Following preheat of the neutralizer, the cathode, and their vapor- 
izers, the neutralizer was pulse-ignited. The cathode usually ignited by 
application of a 400 V d.c. keeper voltage. The thruster was then oper- 
ated at constant conditions for at least 4 hours to bring the long pro- 
pellant feed coil line to equilibrium temperatures before taking flow 
measurements . 

The effects of neutralizer position on ion beam neutralization were 
determined by holding a constant neutralizer flow rate and neutralizer 
keeper current with the thruster beam current held at 72 mA; then at a 
given axial location, the neutralizer was moved radially from 2.75 to 
5.85 cm measured between the neutralizer keeper hole and the outermost 
active acceleration grid beamlet hole. Axial positions of the keeper 
hole varied from 2.5 to 8.9 cm downstream of the accelerator. The neu- 
tralizer floating potential was used as an indicator of coupling with the 
ion beam. 

Because it was desirable to use the same neutralizer keeper through- 
out the test, the smallest keeper hole was tested first. The keeper hole 
was progressively enlarged, obtaining position effect data at each hole 
size. 


The nominal operating conditions of the thruster used throughout 
the test are shown in table X. The cathode flow was automatically 
controlled to hold a discharge voltage of 40 V. Propellant utiliza- 
tion efficiency in the ion chamber averaged about 76 percent. It was 
considered more significant to hold a constant ion beam current rather 
than the utilization for ion beam coupling purposes. 

The typical effects of neutralizer keeper current on keeper voltage 
and floating potential are shown in figure 37A. The keeper hole size was 
0.159 cm. The neutralizer to keeper gap was 0.108 cm. The axial and 
radial distances were 5.0 and 2.75 cm, respectively. Data are shown for 
flow rates of 4.5 and 7.7 mA. 

Over the range of keeper current varied, the keeper voltage was not 
greatly affected at either flow rate. Decreasing the flow rate from 7.7 
to 4.5 mA increased the keeper voltage about 1 V regardless of the keeper 
current. 

Neutralizer floating potential, however, was significantly affected 
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by keeper current particularly at the lower flow rate. As keeper current 
was reduced below 0.40 A, the floating potential increased rapidly. The 
rate of increase was more rapid for the lower flow rate below a keeper 
current of 0.35 A. From these data, the selection of 0.45 A keeper cur- 
rent during neutralizer position changes appear logical. 

The effects of radial-position at various axial distances upon float- 
ing potential are shown in figure 37B. The keeper hole and gap were 
0.159 and 0.108 cm, respectively. The flow rate was 7.7 mA at a keeper 
current of 0.45 A. As would be expected, the floating potential increased 
as the neutralizer moved farther away from the ion beam. A later section 
on beam profile measurements will discuss the ion beam divergence. The 
data of figure 37B indicate that at the 8.9 cm axial position, the neutral- 
izer was immersed in the ion beam for radial positions of 5 cm and less. 

These distances infer a beam boundary divergence of approximately 
29 degrees with respect to the thruster axis. It is also interesting to 
note that at a radial distance of 2.75 cm, the initial 1.3 cm of axial 
movement from 2.5 to 3.8 cm resulted in over 10 V reduction in floating 
potential. Further axial movement of the neutralizer had increasingly 
lesser effect upon the floating potential. 

The effects of changes in keeper hole size upon floating potential 
are shown in figure 38. The axial position selected was 5 cm which made 
the neutralizer lie on a 28 degree line at a radial position of 2.75 cm. 
Larger radial distances would, of course, take the neutralizer outside of 
the 28 degree line. The data are for keeper hole sizes from 0.132 to 
0.178 cm. Inasmuch as each hole size change involved a shutdown and a 
restart with the necessary temperature stabilization period, the quoted 
flow rate is based on an earlier temperature calibration. 

With the 0.132 keeper hole, the floating potential was about 60 V, 
increasing to over 100 V as the neutralizer was moved radially outward. 
Larger keeper holes reduced the floating potential until with the 
0.178 cm hole, the floating potential was about 10 V regardless of radial 
position. Further tests are planned to determine if further reduction or 
a reversal in trend might occur at larger hole sizes. The data obtained 
thus far tend to indicate that when beam coupling is good, neutralizer 
position has a broad latitude and that other considerations such as 
sputter erosion of the neutralizer, structural integrity, and thermal 
characteristics may be more significant. 


Ion Beam Profile Measurements 
S . Nakanishi 

As an aid to determining the proximity limit of neutralizer position 
relative to the ion beam, current density profiles have been obtained. 

TVo types of current measurement devices were used. One type was a single 
molybdenum planar probe 0.64 cm in diameter. The probe was mounted on 
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one leg of a U-shaped tube such that the probe axis lay parallel to the 
thruster axis for a distance of 18.4 cm before making a 90° bend. The 
other leg was of sufficient length to serve as a feed-through and actu- 
ator from outside the vacuum port cover flange. The circular planar 
probe was thus perpendicular to the thruster axis and moved in an 11 cm 
radius arc across the accelerator as the actuator leg was rotated. The 
actuator leg could move axially to locate the probe from zero to 12.7 cm 
downstream of the accelerator. 

The second type of current measurement device was a horizontal rake 
with 47 Faraday cups spaced 1.27 cm on centers. The Faraday cups were 
0.48 cm in diameter and covered by a faceplate having 0.159 cm apertures. 
The faceplate was attached to the rake body giving a projected frontal 
dimension of 1.27 cm height and 61 cm width. The Faraday cups and the 
faceplate could be independently biased with respect to facility ground. 
The rake was mounted on a motorized actuator so that the rake could be 
moved vertically over a distance of 90 cm. 

The beam profile measurements were made in conjunction with the neu- 
tralizer position studies using the same 8-cm diameter thruster and the 
vacuum facility. With the thruster extended fully forward, the Faraday 
cup rake was 30 cm downstream of the accelerator. This distance could 
be increased by retracting the thruster as desired. 

In both the planar probe and the Faraday cups, current was deter- 
mined by measuring the potential difference across precision resistors of 
suitable values. Voltage readings from the planar probe were recorded 
manually. The rake readings were recorded automatically on the central 
Automatic Digital Data Encoder (CADDE) system of the Lewis Research 
Center. 

A typical current density profile taken with the planar probe is 
shown in figure 39. Because the probe moved in an arc passing through 
the center of the accelerator rather than along a diameter, each probe 
position was corrected and plotted as radial distance. If axial symmetry 
is assumed for the beam profile, the resulting plot would thus be repre- 
sentative of the profile along a diameter. 


Profiles for three axial locations are shown as a fraction of the 
maximum observed value. As expected, the beam was highly peaked near the 
axis for all three axial locations. The current density showed a maxi- 
mum at 5 cm rather than at the closer location of 1.27 cm. The latter 
peak was in turn lower than the peak farthest downstream at 12.7 cm. The 
peak of the profile coincided with the thruster centerline only for the 
5 cm location. It is believed that in spite of an attempt to achieve 
geometrical alinement the axis of the ion beam was not consistently 
colinear with the probe axis . This condition could be caused by inadver- 
tent beam deflection or misalinement of the thruster assembly which was 
cantilevered on long movable tracks. This line of reasoning is supported 
by the fact that the peak at 1.27 cm occurred to the left of center and 
to the right of center at 12.7 cm. Any traverse, however misalined. 
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would still display the characteristic bell-shaped curve because the 
traverse cut across a current distribution which resembles a paraboloid 
of revolution. 

The current density distribution taken with the Faraday cup rake is 
shown in figure 40. A bias voltage of —15 V was applied to the cups for 
these measurements. The complete profile is presented in two parts. Fig- 
ure 40(a) shows profiles taken from the upper half of the beam down to 
the vertical position where the beam appeared to have a maximum density. 
Figure 40(b) shows profiles for the lower half of the beam starting with 
the maximum position. 

The values of measured current are presented as fractions of the ob- 
served maximum value. As previously shown by the planar probe measure- 
ments, the beam was highly peaked. The profiles are labeled with numbers 
denoting the vertical distance in centimeters off the maximum profile 
which is labeled zero. At large distances from the zero position, the 
profile lost symmetry. An apparent axis of symmetry passed through each 
profile showed that the beam might be misalined from the geometrical axis 
of the thruster as also indicated by the planar probe measurements. 

If the ion thruster is assumed to be a point ion source 30 cm up- 
stream of the probe rake, the resulting thrust loss due to ion beam di- 
vergence is 2.16 percent. Obviously this thrust loss is dependent upon 
the particular grid system used and may not be identical to that of a 
small accelerator hole or compensated accelerator grid system. 

In the section on Neutralizer Position Studies, sputter erosion was 
discussed as a factor limiting proximity of the neutralizer to the ion 
beam. An effort was made to determine an inferred beam boundary wherein 
the current density would be below some limiting value. The molybdenum 
planar probe was used for this purpose. Figure 41 shows the current 
density measured by the planar probe at three axial locations. At each 
location, the probe was moved toward the thruster centerline from a large 
radial distance where the probe current was imperceptible. 

At an axial position of 1.27 cm from the accelerator the current 
density rose sharply as the beam was approached radially. At larger 
axial distances, the beam boundary became more diffuse as indicated by 
the more gradual rise in current density as the beam was approached. 

An apparent beam envelope or beam diversion angle can be deduced 
from the data. Selecting an arbitrary value of 0.01 mA/cm 2 , the radial 
distance at which this current density is reached for each axial loca- 
tion can be determined. These values are shown plotted in figure 42. A 
line faired through the points and directed toward the radial distance of 
the outermost active beam hole in the accelerator plane subtends and 
angle of 24 degrees with respect to the thruster axis. The actual beam 
boundary probably is neither sharp nor linear. For neutralizer position- 
ing purposes near the accelerator, an apparent angle is a convenient de- 
sign criteria. Also, beam focusing and ion trajectories are strongly in- 
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fluenced by accelerator optics. The beam angle should therefore be deter- 
mined for each optic design. 


Thruster Efflux Measurements 
A. J. Weigand 

The use of electron bombardment ion thrusters on communication satel- 
lites, scientific satellites, and other spacecraft will require that all 
avenues of interaction between other components of the spacecraft and the 
thrusters be investigated. One area of interest is the amount and distri- 
bution of sputtered material from the thruster, in particular, the grids. 
Although the amount of sputter efflux resulting from charge exchange 
sputter erosion can be reduced by increasing the thruster utilization, 
knowledge of where the sputtered material goes and its rate of deposition 
is important to spacecraft designers. 

A method of employing glass samples and change in transmittance as a 
means of mapping the sputter efflux was first reported in reference 21. 
This technique together with the use of quartz crystal microbalances (QCM) 
to measure the rate of deposition is presently being used on an 8-cm 
cyclic endurance test. A QCM and glass sample are mounted on a rod that 
is parallel to other thruster axis and located 13 cm from the center of 
the thruster. A plot of the rate of sputter deposition as a function of 
distance from the ground screen plane is shown in figure 43. The curve 
indicates that the greatest rate is at the ground screen plane. At about 
4 cm downstream of the ground screen plane the QCM is in the ion beam to 
the extent that the deposition is sputtered off as fast as it arrives. 

The glass samples show this same trend and spectrographic analysis of the 
films indicate that the deposition is mostly molybdenum. (The grids are 
made of molybdenum.) 

Figure 43 also shows deposition occurring upstream of the ground 
screen plane. This is probably due to accelerator grid material passing 
through the perforations in the ground screen. Analysis of the coating 
also indicates the deposit is molybdenum. Tests were performed with 
samples at the ground screen plane but oriented and shielded so that only 
sputtered material traveling upstream could be detected. The low molyb- 
denum sputter deposition rate observed (probably from resputtering of 
molybdenum of the frozen mercury target) tends to support the theory that 
all the molybdenum sputter efflux resulting from thruster operation comes 
in a line of sight fashion from the accelerator grid system. The engi- 
neering model SIT-8 thruster will have a nonperforated ground screen thus 
preventing any upstream flow of sputtered molybdenum. 


Ion Machined Accelerator Grid Tests 
W. R. Hudson and B. A. Banks 

Introduction . — A dished two-grid ion extraction system is presently 
employed on an 8-cm thruster. It consists of two dished grids with 
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matched hexagonal arrays of holes. The grids are fabricated from arc 
cast molybdenum sheet by photochemical etching and hydro forming (refs. 22 
and 23). 

Described herein is an alternative grid fabrication technique which 
resulted in a substantial thruster performance improvement. The screen 
and accelerator grid are simultaneously hydroformed as before, but only 
the screen grid hole array is etched. The accelerator grid is initially 
unperforated. The grid set is then mounted on a thruster in the usual 
manner. The screen electrode focuses individual ion beamlets onto the 
blank accelerator grid. Selectively sputtering a matching array of holes 
in the accelerator grid. The resulting accelerator grid holes are sized, 
shaped, and alined with respect to their corresponding screen holes. The 
resulting accelerator holes are much smaller than previously used accel- 
erator grid holes, reducing the neutral mercury loss, which in turn en- 
hances propellant utilization and reduces charge exchange erosion. (This 
result is consistent with trends documented by Rawlins (refs. 24 and 25).) 
As a result , the reduced charge exchange sputtering should greatly reduce 
sputtered material efflux from the thruster. 

A thruster with an ion machined grid has been tested for 1006 hours 
at an ion chamber propellant utilization of 91.9 percent and at discharge 
losses of less than 350 eV/ion. This represents a substantial increase 
in propellant utilization (previously *70 percent) over thrusters oper- 
ated previously with larger hole diameter accelerator grids. 

Apparatus and procedure . — The 0.38 mm thick screen grid used had a 
hexagonal array of 1.97 mm diameter holes on 2.21 mm center to center 
spacings (72.5 percent open area). The 0.38 mm thick accelerator dished 
sheet was spaced 0.76 mm from the screen grid. 

The electrical circuit shown in figure 44 was used to operate the 
thruster during ion machining and normal thruster operation. The anode 
was held at the net accelerating voltage, VJ. The cathode was negatively 
biased by the discharge chamber supply and the neutralizer floating poten- 
tial was measured between the neutralizer tip and facility ground. There 
are only two differences between the power supplies and circuit used in 
this experiment and the normal thruster electrical circuit: a 4 yf 

capacitor was connected in parallel between the accelerator grid and the 
cathode common, and an accelerator supply was used that had a current 
capability of one hundred milliamps. The purpose of the capacitor was to 

prevent flakes of sputtered material from permanently shorting the grids 

together. When a flake shorted the grids, the capacitor discharged 
through the flake thereby vaporizing it. Grid shorts occurred at the 

rate of a few per minute during the first 20 hours of the machining 

process. The extra current capacity of the accelerator supply was neces- 
sary because in the initial stages of the machining operation the accel- 
erator supply must carry the full beam current. 

At the start of the ion machining process it was necessary to 
throttle the mercury flow back to a few equivalent milliamps because the 
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unperforated accelerator grid prevented normal ion and neutral mercury 
propellant flow from the discharge chamber. The mercury flow was regu- 
lated such that the discharge voltage was above 30 V. Later as the ion 
beamlets sputtered through the accelerator grid, the mercury flow rate was 
gradually increased to the normal levels. 

Because the thruster ion beam current, Jg, was measured as the cur- 
rent drawn by the neutralizer circuit (fig. 44), it read zero as long as 
there were no holes sputtered through the accelerator grid. The Vj (net 
accelerating potential) supply current, J B , is equal to the sum of the 
beam current, Jg, and the accelerator current., J A . Initially because J B 
equals zero, J' B equals J A . These three currents served as convenient 
parameters for monitoring the machining process . As the holes begin to 
sputter through the accelerator grid, J B starts increasing and J A 
starts decreasing. The relative magnitudes of J B and J A are sensi- 
tive indicators of the progress of the ion machining. Starting with a 
blank accelerator grid J B increases from zero to the full beam current 
(72 mA) equilibrium level. 

After two hours of operation of the ion beam current holes began to 
sputter through the 0.38 mm thick accelerator grid. As might be expected, 
the first breakthrough occurred in the center of the accelerator grid. 

The time of breakthrough was denoted by an increase in J B and a de- 
crease in ^J A . Figure 45 is a plot of both normalized accelerator cur- 
rent J A /J B and normalized beam current J B /J B . Figure 46 is a plot of 
the accelerator current over a 1000 hour test interval. 

Photographs of the upstream and downstream faces of the grid assembly 
are shown in figure 47. Measurements of the accelerator grid hole diam- 
eters were made from photomicrographs of several positions on both sides 
of the grid. Accelerator grid hole diameter measurements at five differ- 
ent times and at four locations are listed in table XI. 

Results and discussion . - Because of higher beam density in the 
center of the grid, ion machining occurred at a faster rate there. After 
four hours accelerator holes were sputtered through in the center, but 
not at the outer edges of grid. Upstream views of partially sputtered 
through region (after 4 hr of ion machining) of the accelerator grid are 
presented in figure 48. Figure 48(a) is low magnification view of a 
region where some of the holes are sputtered all the way through and 
others are only partially through the 0.38 mm thick accelerator. The 
accelerator and screen grid were mounted on the grid assembly during 
photographing and, as a consequence, the upstream photographs include the 
screen grid. Figure 48(b) is a high magnification photograph of one par- 
ticular accelerator hole. The picture shows the upstream and downstream 
perimeters of a sputtered accelerator hole. The individual beamlets 
appear to be focusing toward a point downstream of the accelerator grid. 

Near the outer edges of the accelerator grid the ion machining 
process was slower and complex in structure. Measurements indicated that 
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on the downstream side the outer edge holes increased in size throughout 
the test, but on the upstream side they stabilized after 462 hours. On 
the upstream side of the accelerator grid the holes were circular, but on 
the downstream side of the accelerator grid the ion machined holes more 
closely approximated hexagons. Figure 49 is a photomicrograph of several 
holes after 462 hours of ion machining. The hexagonal shape appears to 
be related to the screen hexagonal hole array pattern. The sides of a 
particular hexagon are roughly perpendicular to lines connecting the 
center of the hexagon to its nearest neighbors. Figure 49(b) is a higher 
magnification photomicrograph of an accelerator hole. Similar acceler- 
ator grid erosion results were observed and described in reference 26. 

The resulting accelerator holes are optimally sized to the ion beam- 
lets. The smaller accelerator holes result in reduced neutral mercury 
loss, which in turn enhances the propellant utilization. The discharge 
chamber propellant utilization, n u , is equal to the ratio of beam current 
to total discharge chamber mercury flow, 


T1 


uD 


+ -1 


N 


( 1 ) 


where Jjj is equal to the unionized part of the total discharge chamber 
mercury flow. If it is assumed that the neutral loss rate from the dis- 
charge chamber is proportional to the open area of the accelerator grid, 
then 
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where and A 2 are two different open areas and D-^ and D 2 are 

the corresponding accelerator hole diameters. Then given empirical re- 
sults of a particular accelerator hole diameter a relation can be derived 
for the approximate propellant utilization as a function of accelerator 
hole diameter. For = 1.69 mm and Jg = 72 mA thrusters have oper- 
ated at 70 percent propellant utilization, J^i can be calculated from 
equation (1) to be 30.8 mA. Then using equations (1) and (2) 
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Figure 50 is a plot o£ the discharge chamber propellant utilization 
as a function of accelerator hole diameter calculated from equation (3) . 
Large increases in propellant utilization are predicted for small accel- 
erator grid holes. The ion beamlet diameter represents a lower limit to 
the accelerator hole diameter. As demonstrated by the results of ion 
machining experiments if the accelerator holes are smaller in diameter 
than the beamlet diameter, they will be enlarged by sputtering. The ion 
machined accelerator grid geometry then results in an accelerator grid 
having the maximum achievable propellant utilization efficiency. 

The performance of an 8-cm thruster with an ion machined accelerator 
grid can be compared with the predictions of figure 50. Because the hole 
diameter of the ion machined accelerator grid varies with respect to hole 
location and which side of the grid is being viewed, the conservative 
choice might be the accelerator grid hole diameter as measured in the 
center of the grid on the downstream side after 462 hours. The upper 
limit listed in table XI is 0.83 mm, which would predict a discharge 
chamber propellant utilization efficiency of approximately 90 percent. 

This represents a lower limit of propellant utilization because many of 
the accelerator holes are considerably smaller. 

The discharge power losses are plotted as a function of the dis- 
charge chamber propellant utilization in figure 51 for thruster with ion 
machined accelerator grid at 149 and 1006 hours and the same thruster 
with a large hole accelerator grid. The large hole accelerator grid had 
hole diameters of 1.69 mm. The ion machined accelerator grid results in 
lower discharge chamber losses and yet much higher propellant efficiencies. 
During most of the ion machining experiment the thruster was run near 
90 percent discharge chamber utilization and 325 eV/ion. A complete set 
of thruster operating parameters is shown in table XII. For comparison, 
the small thruster program goals and the operating parameters of large 
hole conventional accelerator grid thrusters are listed. The total effi- 
ciencies are very close. The goal was 57.5 percent and the ion machined 
accelerator grid thruster operated at 56.7 percent. The large hole accel- 
erator grid configured thruster was tested at two operating points. The 
first operating point was with the same mercury flow rate and discharge 
power as the ion machined accelerator grid thruster. This resulted in a 
beam current of 59.8 mA which corresponds to a thrust of 0.94 mlb at 
465 eV/ion. The second test point was with the mercury flow rate in- 
creased such that the thruster could produce a 72 mA beam current 
(1.14 mlb thrust). This point is listed in table XII. A mercury flow 
rate of 106 mA was required. Propellant utilization was below 70 percent 
at 381 eV/ion. The lower propellant utilization decreased the specific 
impulse to 2247 seconds. 

The two operating points mentioned above for the large hole conven- 
tional accelerator grid thruster are plotted in figure 51. 

Figure 52 exhibits the accelerator current dependence on total volt- 
age. Values are plotted for -300 V and zero volts applied to the accel- 
erator grid. The thruster operated satisfactorily without any applied 
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accelerator voltage if the net accelerating voltage increased to maintain 
the same total voltage. With zero accelerator voltage the accelerator 
current was slightly less than with -300 V applied to the accelerator 
grid. This result suggests the possibility of operating the thruster 
without an accelerator supply which would result in weight savings on a 
spacecraft mission. Perhaps electrically attaching the accelerator grid 
to the neutralizer tip potential would ensure enough of an electron back- 
streaming barrier even if the small accelerator holes were photo etched 
rather than ion machined. Certainly accelerator grid lifetime should be 
greatly lengthened if the grid could operate near zero volts. 


SIT-8 Thruster 

J. Hyman, Jr. and W. R. Hudson 

The basic objective of the SIT-8 thruster program is to advance the 
technology of satellite control thruster systems to accommodate the de- 
mands imposed by spacecraft mission requirements projected for the next 
decade and beyond. Hughes Research Laboratories is involved in the de- 
velopment of an 8-cm Structurally Integrated Ion Thruster system (SIT-8) 
under NASA contract NAS3-17791, and had previously been involved in the 
development (under NASA contracts NAS3-14129 and NAS3-15483) of the SIT-5 
system. 

The primary goal of the SIT-8 thruster program is the development of 
a high-performance structurally and thermally qualified ion thruster sys- 
tem (thruster and its power processor) which operates efficiently at a 
true thrust level of 1 mlb, with a lifetime expectancy in excess of 
20 000 hours. The thruster will be equipped with a thruster gimbal system 
which is capable of thrust vectoring ±10° in two orthogonal directions. 

The ion-thruster design is based on the SIT-8 thruster configuration 
which is currently under development at Hughes. Design of this proto- 
type thruster was based on a mechanical structure similar to that of the 
flight-qualified SIT-5 system. Because of this similarity, results of 
extensive structural and thermal analyses which were successfully imple- 
mented under the SIT-5 program are considered to be applicable to this 
design also. Performance goals of the prototype SIT-8 design were de- 
veloped in a study by Hudson and Banks (ref. 8) and are outlined in 
table XIII. To achieve these goals, design innovations have been incor- 
porated in the discharge chamber and beam-extraction system which were 
developed or proved under other NASA or Hughes-sponsored programs. An 
isometric drawing of the SIT -8 thruster is shown in figure 53. A photo- 
graph of the present SIT-8 thruster without its gimbal system and with 
an auxiliary electrode ignitor is shown in figure 54. 

The discharge chamber of the SIT-8 thruster consists of an outer 
shell assembly, which is formed by rolling thin stainless steel sheet 
stock. Structural rigidity of this thin-walled shell is provided by 
circular stiffening ribs and by flanged sleeves located at the two ends. 
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Axial strength of the structure is provided by the rod-shaped permanent 
magnets mounted axially around the periphery. Magnets are mounted to the 
flanges on the ends of the cylinders by lugged collars which are swaged 
onto the ends of the magnets and spot-welded securely to the flanges. 

These flanges also serve as the interface between the endplate on the 
closed end of the discharge chanter, and the mount for the beam-extraction 
system on the opposite end. A cylindrical anode is supported within the 
shell by means of insulating support posts which are totally shielded 
against sputtering. As with the thruster shell, stiffening ribs are used 
to ensure maintenance of its circular cross section. 

The Cathode-Isolator-Vaporizer (CIV) assembly located on the up- 
stream end of the 8-cm thruster endplate is essentially the same as that 
employed successfully with the SIT-5 system. By choosing a vaporizer 
plug of slightly different shape than that employed in the SIT-5 system, 
a porous cylinder of the same diameter is capable of supplying the higher 
mercury vapor flow required for this thruster. 

The Neutralizer Isolator Vaporizer (NIV) assembly follows the SIT-5 
design closely, with the single modification being the inclusion of a 
neutralizer isolator. The neutralizer is mounted so that the cathode 
axis is directed parallel to the axis of the thruster. An enclosed 
keeper is used, which is mounted directly to the neutralizer-cathode 
alinement structure. This mounting structure extends the full length of 
the thruster ground screen and provides a support for all components of 
the neutralizer assembly. 

A ring of terminals is provided on the ground screen endplate for 
the various electrical connections. Connections between these terminals 
and the thruster components are made using short lengths of uninsulated 
wire. Sputter shielding is employed at both ends of these terminals to 
ensure that shorting cannot occur across insulating surfaces. 

The SIT-8 beam-extraction system is fabricated with a dish-contoured 
surface to maintain structural rigidity against deformation. This per- 
mits the use of a high— perveance grid pair, because the screen— to— 
accelerator separation can be set to a small value without fear of grid 
shorting under operating conditions where thermal gradients might other- 
wise cause severe deformation. 

When the SIT-8 thruster was received by LeRC it was operated in its 
as-delivered configuration. The results are tabulated in the as- 
delivered column of table XIV. The neutralizer, as supplied, had a LeRC 
specified impregnated insert and required very high flow, 25 mA, and tip 
heat, 9.89 watts, to operate with a coupling voltage of -64 V. When this 
neutralizer was replaced by one with a rolled foil insert and a 1.52 mm 
diameter keeper orifice, the neutralizer performance improved. The re- 
placement neutralizer operates with no tip heater power at mercury flow 
rates at and below 6 mA. The coupling voltage is -10 V. 
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The beam extraction system on the SIT-8 thruster was replaced by the 
newly developed small hole accelerator grid geometry described in the 
previous section. This resulted in the dramatic increase in propellant 
utilization shown in table XIV. Originally, the discharge propellant 
utilization was 65.1 percent; with the small hole accelerator grid beam 
extraction system it increased to 90.0 percent. 

The SIT-8 thruster was further modified by reducing the magnetic 
field in the discharge chamber and by replacing the LeRC specified impreg- 
nated insert cathode with a rolled foil insert main cathode. The result- 
ing thruster operating conditions are tabulated in column titled After 
optimization in table XIV. It now compares very favorably with the SIT-8 
performance goals. The projected Engineering Model SIT-8 thruster oper- 
ating conditions are listed in table XV. The thruster will use a small 
hole accelerator grid and a rolled foil insert cathode and neutralizer. 
Lifetime and reliability enhancing features such as a grit-blasted fine 
mesh wire cloth anode, high voltage pulse ignition via the keeper elec- 
trode, and proper neutralizer position and flow rate shall be incorpor- 
ated in the Engineering Model SIT-8 thruster design. The final Engineer- 
ing Model SIT-8 thruster will be dynamically, thermally, and electrically 
qualified in conjunction with its power processor and gimbal system as 
part of the LeRC program. 


THRUSTER ENDURANCE TESTS 

8-Cm Thruster Cycling Endurance Test 
S . Nakanishi 

A 9700-hour durability test on a 5-cm diameter thruster (ref, 7) 
demonstrated its inherent capability for continuous long-term operation. 
Much of the technology developed under the 5-cm thruster program has been 
incorporated into the 8-cm thruster design. The design of the cathode- 
isolator-vaporizer, the cathode pole piece, enclosed keeper neutralizer, 
propellant feed-system, and the concept of introducing the ion chamber 
propellant wholly through the cathode have been equally adaptable to 
both thruster sizes. 

Several improvements have been incorporated into the 8-cm thruster 
to minimize ion chamber erosion and peeling of sputtered metal observed 
in the 5-cm thruster life test. The present test seeks to evaluate the 
effectiveness of these improvements and also to determine reliability 
tinder a cyclic mode of operation. 

Because of the early inception of the present test, the specific 
designs used are preliminary. Wear and lifetime data obtained, however, 
should be useful in guiding the ultimate design. 

Figure 55 shows the 8-cm thruster assembly prior to the test. The 
mercury propellant to the cathode and the neutralizer were fed from sepa- 
rate capillary tubes to permit independent flow measurement. The cathode- 
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isolator-vaporizer and the neutralizer-vaporizer assemblies were those 
formerly fabricated for the 5-cm thruster. The rolled-foil inserts of 
the cathode and neutralizer were replaced with inserts of the barium- 
impregnated porous tungsten type. The thruster has a 9.4 cm diameter by 
7.77 cm long anode fabricated of a coarse stainless steel wire mesh. The 
cathode pole piece is a conical vented design which has an exit diameter 
of 1.59 cm. Two cathode baffles have been used thus far in the test. 

The original baffle was 0.63 cm in diameter and identical to the design 
reported in reference 20. A second design was similar to the SIT-5 
baffle but fabricated of nonisotropic graphite instead of tantalum. The 
thruster back plate was clad with pyrolytic graphite. An auxiliary elec- 
trode was mounted through the thruster back plate on shadow shielded in- 
sulators to allow high voltage pulse ignition of the cathode. 

The ion accelerator optics were dished grids with 1.97 mm diameter 
screen holes on 2.21 mm centers (72.5 percent open area) and 1.69 mm 
diameter accelerator holes (51 percent open area) . The accelerator grid 
was 0.52 mm thick. The minimum gap between grids near the thruster axis 
was 0.0507 cm. 

Also visible in the photograph is the neutralizer mounted with its 
axis parallel to the thruster axis. The keeper aperture was positioned 
3.57 cm downstream and 3.54 cm radially outward from the outermost active 
accelerator beam hole. The neutralizer was also equipped with an 
auxiliary electrode for pulse ignition. The entire thruster assembly 
was covered by a mask and screen enclosure floated at neutralizer poten- 
tial. The rectangular box mounted on a movable rod contained glass 
slides to document sputter efflux. 

Figure 56 shows the interior of the 1.37 by 1.83 m vacuum facility 
prior to the test. The 112-cm diameter stainless steel pan for the tar- 
get mercury was attached to 12 radial copper struts to which copper cool- 
ing coils were brazed. A cylindrical cooling coil welded to a perforated 
stainless steel shell formed the cryowall which extended along the ver- 
tical wall of the tank. 

The thruster was operated at a distance of 76 cm from the frozen 
mercury target. To prevent the backsputtering of condensible conductive 
material upon the thruster from the sides of the vacuum facility, in addi- 
tion to the frozen mercury target, a set of nonmetallic baffles was in- 
stalled in line of sight of the thruster ion beam. The baffle assembly 
consisted of three slanted annular baffles spaced 25 cm apart with an 
83.8-cm inside diameter opening. The baffles were made from 0.63 cm 
thick sheets of Fiberfax insulation (50 percent AI 2 O 3 ; 50 percent Si0 2 ) 
fitted and supported on a frame fabricated of stainless steel sheet 
strips . 

The 8 -cm thruster durability test procedures were essentially sim- 
ilar to those of the 5-cm thruster test with two exceptions. Duty cycle 
operation was simulated by weekday runs of 22 ^ hours on and 1 -— hours off. 



33 


On weekends and holidays the thruster was operated continuously. Startup 
followed the conventional cathode and vaporizer heating procedures, but 
ignition was by a high voltage pulse to the auxiliary electrode with 40 V 
d.c. applied to the keeper. Shutdown was accomplished by a single switch 
which simultaneously deenergized all power supplies. 

The thruster was operated at fixed conditions with minor adjustments 
to maintain a beam current of 72 mA. The cathode vaporizer power was 
controlled by a loop which sensed the discharge voltage about a set point 
of 40 V. The resulting cathode flow rate was between 114 to 117 mA. 

The neutralizer vaporizer temperature was manually controlled to 
maintain a flow rate of 6.5 to 7.5 mA. This level of flow was selected 
on the basis of previously discussed tests. These tests indicated less 
neutralizer erosion than observed in the 5-cm thruster test which used 
2.2 mA neutralizer flow. 

The cathode was operated without tip heat except during startups. 
Neutralizer tip heat was adjusted as required to assure stable operation. 

The test has operated over 7400 hours and 229 startups as of October 
1974. It was interrupted once at 1156 hours when the pyrolytic baffle 
delaminated, thus necessitating a shutdown for replacement. The thruster 
was disassembled for photographic documentation and reassembled .with only 
a baffle change (a nonoriented graphite baffle was installed) . 

In the discussion that follows, a history of the test up to 6235 hours 
will be presented including various abnormal events. Performance profiles 
at 2057 and 5500 hours will be compared. Significant photographs taken 
at the 1156 hour shutdown will be shown. Finally, a brief discussion of 
starting characteristics will be given. 

A chronological history of the test is shown in figure 57. The four 
parameters plotted were those most subject to change as the test pro- 
gressed. Other parameters were either invariant or adjusted to hold pre- 
selected values. The cathode keeper current and the neutralizer keeper 
current were held at 0.24 and 0.45 A, respectively. 

The initial 2000 hours of the test were characterized by numerous 
neutralizer extinctions. Accelerator drain (fig. 62) current exhibited 
variations from a high of 0.38 mA to a low of 0.2 mA until finally 
settling out to a value of about 0.2 mA. The neutralizer extinctions did 
not appear to be related to accelerator grid arcs and occurred during 
periods of high drain as well as low drain current. 

The cathode keeper voltage (fig. 57) also exhibited considerable 
variation in the early hours of the test. After about 2500 hours into 
the test, the voltage stabilized to about 14 V. Major variation from 
this level occurred only after a high tank pressure condition occurred at 
3750 hours. Temporary poisoning of the cathode insert may have caused 
the increase in cathode keeper voltage, but this conjecture is not sup- 
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ported by lack of similar changes in the neutralizer keeper voltage. The 
neutralizer keeper voltage, however, was sensitive to changes in neutral- 
izer heater power (fig. 57). In an attempt to stabilize the neutralizer, 
different levels of neutralizer heater power were tried as indicated on 
figure 57 . The many changes in heater power level were motivated by the 
necessity of avoiding neutralizer extinction on the one hand and of re- 
ducing heater power losses on the other. A general trend noticed in the 
5-cm thruster test was also evident here. Decreasing the heater power 
increased the neutralizer keeper voltage and to some extent, the floating 
potential. In the present test, however, operating the neutralizer with 
heater power less than about 7.2 watts appeared to cause excessively high 
keeper voltage or eventual extinction. The neutralizer is currently op- 
erating with 7.2 watts of heater power. Periods of neutralizer extinc- 
tions still occur. Running the neutralizer for 24 hours with 14.4 watts 
of heater power seemed to restore stable operation again at 7.2 watts. 

Thruster performance profiles taken at 2057 and 5500 hours are com- 
pared in table XVI. The early profile was taken about 900 hours after 
the baffle replacement. Because of adjustments to fixed point values, 
beam power and thrust did not change with time. A small increase in dis- 
charge current and a 10 percent Increase in cathode flow rate was ob- 
served. The accuracy of recent flow values is supported by a time plot 
of propellant weights added to maintain the reservoir mercury level. 

This plot shows a flow rate of about 120 mA. 

Accelerator drain current showed a slight decrease with time. This 
is in contradiction to trends normally found with increase in propellant 
flow or poorer utilization efficiency. Power dissipated in the neutra- 
lizer was due mostly to keeper discharge and heater power. The profile 
at 2057 hours was taken when heater power was 14.4 watts. 

The neutralizer floating potential shown in figure 57 increased 
gradually from approximately -22 V at the start to about -35 V at 
3000 hours. It was subject to variations because of frequent changes in 
the heater power. Even prolonged periods of constant heater power, how- 
ever, showed some rise in the mean level of the floating potential. Sub- 
sequent reduction in heater power to 7.2 watts accounted for most of the 
change in total input power between 2057 and 5500 hours. 

The baffle delamination at 1156 hours occurred too soon to permit an 
accurate evaluation of component weight change due to sputter erosion. 

Of particular interest were the cathode baffle, thruster back plate, 
anode accelerator, and neutralizer. 

After 1156 hours of operation the fractured pieces of the baffle 
showed an aggregate weight increase of 0.04864 g. The graphite back 
plate decreased 0.10353 g. The anode increased 0.0579 g. The acceler- 
ator and its mounting ring lost 0.5558 g. The integral structure of the 
neutralizer did not permit its weighing. Microphotographs of the neutral- 
izer aperture and face taken after 1156 hours are shown in figure 58. 

The tool marks on the face of the neutralizer are distinct to the very 
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edge of the aperture, indicating minimal erosion. 

Before and after photographs of the cathode baffle, pole piece, and 
graphite backplate assembly are shown in figures 59 and 60 j also visible 
is the auxiliary electrode used for pulse ignition of the cathode. Fig- 
ure 60 shows the nature of the baffle fracture. The graphite backplate 
shows a glazed appearance. The surface when new was smooth in spite of 
the blistered appearance characteristic of pyrolytic graphite. 

Because the present test was intended primarily to evaluate thruster 
durability and restart capability, no attempt was made to determine the 
minimum starting requirements at each restart. Rather, emphasis was 
placed, on establishing those conditions which assured a quick and positive 
restart without overheating the cathode and neutralizer tips or their 
vaporizers. Application of the maximum attainable pulse voltage was 
avoided whenever possible so that various power supply components would 
not be overstressed. 

Over the course of numerous restarts some statistics on starting 
requirements have been accumulated as shown in table XVII. The starting 
conditions representative at about 500 hour intervals and the correspond- 
ing start numbers are given together with the cathode and neutralizer 
conditions. The pulse voltage and number denote the no breakdown peak 
output voltage and the number of pulse discharges required before igni- 
tion. 


As the data shows, there was no strong or consistent trend in either 
the cathode or neutralizer starting characteristics. The cathode gener- 
ally started at a lower tip heater power than the neutralizer because of 
its higher propellant flow rate at similar starting vaporizer tempera- 
tures . 

The neutralizer invariably required a tip heat of over 20 W and 
vaporizer temperatures approaching 400° C which corresponds to about 
10 mA flow. After about 100 starts, a pulse voltage of 15 kV was rou- 
tinely used. As shown by starts number 155 through 157, restarts were 
always possible but the starting characteristics were not consistent. 


Accelerated Thruster Cycling Rate High Voltage Pulse Ignition Tests 

E . G . Wintucky 

An 8-cm ion thruster has completed 286 cycles in an ongoing acceler- 
ated cycling rate thruster endurance test. A typical cycle consisted of 
(a) thruster startup in 15 minutes or less using a high voltage pulse to 
ignite the cathode keeper discharges, (b) one hour of operation at 
roughly 1.2 mlb ideal thrust, and (c) a thruster off period which varied 
from 0.5 hours to days. 

The cathode starting sequence consisted of first turning on the tip 
heaters and after five minutes, the vaporizer heaters. When the vaporizer 
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temperatures were at or near their equilibrium operating temperatures, the 
keeper discharges were ignited. Starting times range from 10 to 15 minutes. 
The cathode starting conditions are summarized in table XVIII. Igniting 
the keeper discharges was accomplished by applying a high voltage pulse 
to an auxiliary electrode positioned 0.5 mm from the face of the keeper 
cap. The high voltage pulse technique is described more fully elsewhere 
in this paper. Breakdown voltages were generally 8 to 10 kV for the main 
cathode and 10 to 12 kV for the neutralizer. Usually a single pulse suf- 
ficed although occasionally more than one pulse was required to start the 
neutralizer, probably because of low Hg flow. 

Table XIX presents the thruster operating conditions averaged over 
cycles 201 to 225. The ideal thrust level of 1.23 mlb should more than 
allow for 1 mlb thrust after losses from beam divergence and double ioni- 
zation. The low efficiencies are a consequence of the thruster not being 
optimized with respect to grid optics, discharge chamber configuration, 
cathodes and thermal characteristics. The thruster was cycled manually 
which accounts for the wide range of thruster off times. 


POWER PROCESSOR TECHNOLOGY 


Thruster power processor technology discussed in this section in- 
cludes both the laboratory test consoles used for research and develop- 
ment testing and a more flightlike configured thermal vacuum breadboard 
power processor. A new thruster control loop is also described because 
of its significant improvement over previous techniques. 


Laboratory Thruster Test Consoles 
R. R. Robson 

The laboratory thruster test console (fig. 61) is a self-contained 
power supply system incorporating all the power supplies, control loops, 
and data acquisition equipment required to run an 8-cm mercury ion 
thruster. It is built from off-the-shelf 60 Hz power supplies and no 
attempt has been made to simulate flight hardware. It is packaged in one 
movable rack and can be rolled from one test facility to another to oper- 
ate a thruster. 

A block diagram of the test console is shown in figure 62 and a tab- 
ulation of the power supply outputs in table XX. 

The screen supply is a 0 to 2000 V d.c., 0 to 200 mA, voltage and 
current regulated supply with automatic crossover. Regulation for both 
voltage and current is better than 0.01 percent of full scale. The supply 
has approximately 4 microfarads of capacitance in its output. The accel- 
erator supply is a 0 to 2000 V, 0 to 10 mA supply with 20 percent load 
regulation. It has a 5 henry choke in its output to limit surge currents 
during arcs . 
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The discharge supply is a 100 V d.c., 0 to 1.5 A supply with a 0 to 
1.5 A current regulator in its output. The output of the current regu- 
lator has only stray capacitance associated with it and therefore de- 
livers constant current to the discharge well into the kilohertz fre- 
quency range. 

The keeper supplies are 34 V d.c., 0 to 0.5 A supplies with 0 to 
1.0 A current regulators in their outputs. These regulators are similar 
to the regulator used for the discharge supply. The ignitor supplies for 
the keepers are either 450 or 900 V d.c. (depending on the thruster being 
tested) . The output of these supplies are ballasted with a resistor to 
provide a short circuit current of =100 mA. The ignitor supplies are iso- 
lated from the keeper supplies by means of a diode and circuitry is pro- 
vided to turn the ignitors off once their associated discharge is estab- 
lished. 

The tip heater power is provided from a.c. supplies consisting of a 
Variac and a transformer capable of delivering 12 V at 10 A. The only 
regulation is provided by the line regulator for the primary power. 

The cathode vaporizer supply is a voltage regulated d.c. supply 
capable of delivering 6 V at 10 A. The regulator can be set manually or 
can be switched to accept the discharge voltage as a feedback signal and 
maintain control around some predetermined level. This supply can be run 
at cathode potential, neutralizer potential, or at facility ground de- 
pending on the mercury isolator system employed on a given thruster. 

The neutralizer vaporizer supply is a voltage regulated d.c. supply 
capable of delivering 6 V at 10 A. The regulator can be set manually or 
can be switched to accept the neutralizer keeper voltage as a feedback 
signal and control around some predetermined level. This supply can be 
run at neutralizer potential or at facility ground depending on the mer- 
cury isolator system employed on a given thruster. 

A clamp circuit consisting of back to back gas discharge tubes is 
provided to maintain the neutralizer potential to within 150 V of ground 
potential. 

A line regulator is provided to eliminate line transients from the 
primary power. Primary power for the supplies at cathode potential is 
isolated from ground by way of a Variac core with an added secondary 
winding insulated for 5 kV. 

All voltages and currents associated with the operation of a thruster 
are displayed on panel meters in the rack. Direct current voltage signals 
proportional to these voltages and currents are also provided at ground 
or neutralizer potential for recording on an automatic central data col- 
lection system. Voltage and current signals floating at cathode poten- 
tial are transported to ground potential by means of optical d.c. signal 
isolators. These isolators consist of a voltage to frequency converter. 
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a light emitting diode /photo diode combination, and a frequency to volt- 
age converter. The light emitting diode/photo diode combination provides 
the voltage isolation for the signal. 

Presently LeRC has seven laboratory test consoles, one of which has 
accumulated over 15 000 hours of thruster operation. 


Main Vaporizer Control Loop Techniques 
J. L. Power 

The power processor packages used to operate the 5- and 8-cm mercury 
ion thrusters at LeRC are equipped with an auto control circuit (fig. 63) 
designed to maintain a constant, preset AVj during unattended thruster 
operation by adjustment of the main cathode mercury flow rate. At the 
same time an independent, constant current power supply maintains the 
emission current, Jg, at the level required to produce the desired beam 
current, Jg, under the thruster operating conditions. 

The control circuit is a feedback loop which operates to maintain 
the desired AV]- by generating a proportional error signal from the dif- 
ference between the sensed AVj and the AVj set point. Via this error 
signal the control circuit continuously and linearly corrects the main 
vaporizer current, decreasing the current when AVj is too low and in- 
creasing it when AVj is too high. Thus the control circuit holds the 
desired AVj by continuously adjusting the main cathode flow rate. 

Since Jg nominally remains constant during this adjustment, the dis- 
charge chamber utilization varies along with the main cathode flow rate 
during normal operation of the control circuit. 

After several thousand hours operation of the SIT -5 thruster used to 
conduct the discharge chamber erosion tests described earlier in this 
paper, it was noted that fluctuations were occurring in the main cathode 
keeper potential, V , while the keeper current was held fixed, normally at 
400 mA. These Vq^ ^fluctuations, of undetermined origin, became more 
frequent and random with continued thruster operation and began to inter- 
act strongly and undesirably with the AV^ auto control circuit. 

The Vck fluctuations were generally a few seconds in duration and 
1 to 3 V in magnitude, normally in the positive direction. Thus they 
usually caused V^ to increase from its normal value of 14 to 15 V to 
15 to 18 V before returning again to its normal range. Frequently, in- 
stantaneous or discontinuous small changes in Vqk were noted during the 
fluctuations. The Vq^ fluctuations, so far as is known, are unique to 
the SIT-5 thruster tested and do not represent a general problem observed 
in long term operation of small mercury ion thrusters. 

It was normally observed that whenever V^k underwent one of the 
above-described fluctuations, AVj experienced an identical and simul- 
taneous fluctuation, so that the difference (AVj - Vqj^) remained con- 
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stant before, during, and after the fluctuation. These AVj fluctua- 
tions caused considerable difficulty in the functioning of the AVj auto 
control circuit, when this circuit was in operation. The problem was due 
to the fact that the time scale and response lag of the mercury flow con- 
trol changes initiated by the control circuit in response to the changes 
in AVj were considerably longer than the duration of the AVj- and 
fluctuations themselves. During periods of frequent or nearly continuous 
V C jr and AVj fluctuations, interaction between the fluctuations and the 
control circuit operation caused gross variations, often of more than 
15 percent, in the main cathode flow rate. These occurred as the control 
circuit attempted to counteract the constantly varying AV^. 

The identical, coincident fluctuations noted in and AVj in- 

dicated that the main discharge plasma in the SIT— 5 thruster is normally 
coupled between the cathode keeper potential and the anode. Hence this 
plasma is characterized by the potential drop given by (A Vj - V^k) • The 
observed V c ^ (and AVj) fluctuations evidently were fluctuations only in 
the potential drop across the plasma sheath at the cathode tip and were 
not transmitted to the main discharge. 

This analysis suggested a basic improvement could be made in the 
AVj auto-control circuit for 5- and 8-cm thrusters - a modification 
which would eliminate interaction of the circuit with (and AVj) 

fluctuations - by rewiring the circuit to sense and control on (AVj - V CK ) 
instead of on just AV I# This modification was made in the control cir- 
cuit (see fig. 63) and the modified control loop was tested during the 
SIT-5 accelerated life test described previously. The revised auto con- 
trol circuit performed up to full expectations during the test, maintain- 
ing the desired nominal AVj of 64.6 V with a steady, stable cathode 
flow rate throughout the 200 hour test despite nearly continuous V CK 
(and AVj) fluctuations. The main cathode flow rate was observed to vary 
<±2 percent over the course of the test . 

The thruster operating conditions maintained during the accelerated 
life test posed more stringent performance requirements on the AVj auto- 
control circuit than would the normal operating conditions at a A Vj of 
40 V. Hence satisfactory performance of the revised control circuit 
under normal SIT -5 operating conditions is anticipated, though such per- 
formance has not yet been demonstrated in an extended test. 


Thermal Vacuum Breadboard Power Processor 
W. Herron and N. L. Milder 

For all near future missions, electric power requirements for ion 
propulsion systems will be derived from solar arrays. It is thus neces- 
sary to provide lightweight, efficient power conversion electronics as 
part of thruster subsystems. In addition to providing the d.c. voltages 
and currents necessary to operate the thruster, the electrical subsystem 
must include control electronics for sustained thruster operation, must 
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be capable of protecting itself and the solar array bus from high energy 
transients, and must be able to receive and process digital commands as 
well as provide appropriate telemetry outputs. In short, the thruster 
power processing system is to be an efficient, reliable and lightweight 
self-contained unit capable of providing sustained power and control to a 
highly dynamic load over a specified range of operating conditions. 

To accomplish this task, LeRC has initiated a contractual program 
with Hughes Research Laboratories to design, fabricate, and test a 
thermal vacuum breadboard (TVBB) power processing unit capable of provid- 
ing sustained operation of an 8-cm diameter thruster at a maximum thrust 
level of about 2 mlb (8.9 mN) and a nominal thrust level of 1 mlb 
(4.4 mN) . Some design criteria for this unit are given in table XXI. 

The functional elements of the TVBB power processor are shown in 
figure 64. All inverters used incorporate transistor power switching. 

The relay in the housekeeping supply receives simple on/off commands and 
applies +28 V d.c. power to the low voltage (housekeeping) inverter sec- 
tion, which converts the +28 V d.c. to a 16 V a.c., 10 kHz square wave. 
This power operates the command storage and control logic section and is 
also used by the other supplies in the power processor for synchroniza- 
tion and bias. The line regulator converts the 70±20 V d.c. bus to a 
regulated 48 V d.c. The line filter will filter the ripple current from 
the line regulator, screen and discharge supplies. The a.c. distribution 
inverter converts the 48 V d.c. from the line regulator to 96 V a.c. for 
use by the magnetic. amplifier regulators. These mag amp regulators con- 
vert this 96 V a.c. to the voltages and currents required by the various 
heaters and two keepers. The accelerator supply is a linear regulator 
and also uses the 96 V a.c. The screen and discharge supplies are pulse 
width modulated and deliver the required power to the thruster screen and 
main discharge, respectively. The command storage and control logic (con- 
troller) receives strobed 16-bit command words. It operates on these 
words to produce the setpoints and other automatic functions as required 
by the rest of the power processor. 

The grounding system used in the TVBB magnetically isolates power 
processor common from the power return (S/C common). Photocouplers are 
used to isolate power processor common from the input command word and 
strobe signal return. Analog telemetry signals (0 to 5 V) from the power 
processor supplies are referenced to power processor common. A 50-V 
"clamping" or limiter circuit prevents an excessive voltage differential 
between the power processor common and the power return. 

Figure 65 is a block diagram showing power supplies and control 
functions interfacing with the thruster. The main discharge, cathode 
keeper, vaporizer and heater supplies are all referenced to cathode com- 
mon, or screen potential. Neutralizer heater, keeper and vaporizer power 
supplies are referenced to power processor common. Two control loops are 
incorporated to stabilize and sustain thruster operation at preset per- 
formance levels. One loop maintains discharge voltage constant to a se- 
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lected level over a range of discharge currents by controlling neutral 
mercury flow to the discharge chamber. The second loop controls neu- 
tralizer propellant flow by maintaining the neutralizer keeper voltage 
proportionally constant to a digital-to -analog reference by adjustment 
of neutralizer vaporizer power. The control circuitry also provides for 
thruster recycling following a high-voltage arc or breakdown. 

Additional unique circuitry incorporated in the TVBB includes the 
capability of supplying short-term energy pulses in the screen supply for 
metal flake or chip clearing, and high-voltage (10 kV max) pulsed igniter 
circuits for cathode and neutralizer keeper startup. 

Figure 66 shows a preliminary design of the TVBB package. The unit 
is separated into two modular sections. The smaller module contains 
interface command logic, the digital and analog control circuitry, and 
the housekeeping bias supplies. The larger module houses the low and 
high voltage power supplies, and will be additionally partitioned by a 
grounded barrier to separate low- and high-voltage circuitry. Each sec- 
tion will be vented to eliminate low pressure entrapped gas. Internally, 
components will be mounted on terminals swaged into metal T section to 
provide a conductive thermal path to the baseplate. An almost straight- 
through flow of power from lef t-to-right (fig. 66) minimizes potential 
EMI problems and provides a logical separation of voltage levels. Inputs 
for command /control and power will enter the unit by connectors. Output' 
power will exit by means of "flying" terminal leads. 


APPLICATIONS 
B. A. Banks 

The SIT-8 4 mN (1 mlb) mercury ion thruster is specifically designed 
to perform north south station keeping of geosynchronous spacecraft. In 
addition the SIT-8 gimbal system allows east west station keeping, momen- 
tum wheel dumping, and/or attitude control to be performed if the space- 
craft is suitable configured. The north south station keeping velocity 
requirement greatly exceeds the other requirements and represents the 
most probable use of the SIT-8 thruster system. In this section system 
weights will be determined based on the north-south station keeping re- 
quirements for a variety of typical missions. The projected SIT -8 Engi- 
neering Model Thruster System weight breakdown is shown in table XXII. 

The propellant and tankage masses listed are sufficient to provide five 
years of north-south station keeping of a 680 kg (15 000 lb mass) space- 
craft or 10 years for a 347 kg (765 lb mass) spacecraft. 

Total thruster system mass, M T0T , for an arbitrary, duration and mass 
mission is given by 

M T0T = N ^ M Th + M G + ^g + ^Tk + 


where 
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N 


= number of independent thruster systems 


ML = mass of mercury propellant for each thruster, kg 


*Th = 

mass 

« K 

II 

mass 


mass 

*Tk = 

mass 

“pc" 

mass 

Both 

M T h 


pendent and values from table XXII can be used. The amount of mercury 
propellant required, M^g, depends upon the number of thruster operating 
hours T and the propellant flow rate and is given by 


V = °' 6y/A mT 

Hg N A e 


where Mjj is in kg and 

= molecular weight of mercury, 200.59 kg/k mole 
N a = Arogadro's number, 6 . 022169><10^/k mole 
e = electron charge, 1. 6021917xl0 -19 C 
m = thruster equivalent mass flow rate, mA 
T = thruster total operating time, hr 
Substitution of the actual constants results in 

% = 7.484xl0“ 6 mT 

The thruster total operating hours required for north south station keep- 
ing consists of the total time, Tg^ hours, that each thruster is 
actively station keeping by providing thrust and the total preheat and 
cool down time, Tp^ hours. Assuming that a characteristic preheat and 
cooldown time can be determined such that the equivalent propellant flow 
rate, m, during the preheat and cooldown time is characteristic of that 
during steady state operation, then 

% ' 7.484H0- 6 »d SK + T ph > 

The total hours of north south station keeping required can be com- 
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puted by knowing the geosynchronous satellite velocity change require- 
ment necessary to counteract the solar and lunar gravitational disturb- 
ance forces. Those disturbing forces cause an inclination in the orbit 
of the satellite unless corrective thrust is applied at the points where 
an uncorrected inclined orbit crosses the equatorial plane J^see fig. 67) . 
The disturbance forces^of the Sun and Moon cause a torque t to act upon 
the angular momentum L of the geosynchronous satellite. The resulting 
effect of this is simply Newton's second law of motion applied to rota- 
tional motion. Thus 


-y 

dL 

dt 


where t = time and 




x dt 


AL = 


-»■ 

r 


x F dt 


where AL is the corrective ^ngular momentum required, r is the geosyn- 
chronous radius vector, and F is the thrust vector. 

Since the corrective angular momentum required is usually expressed 
as linear velocity change, AL can be written 

AL = j AL | = M gc r AV 


where 

M g c = spacecraft mass, kg 

AV «N-S station keeping velocity requirement in m/sec-yr = 46 m/sec-yr 

If the torque integral is evaluated over one fourth of the orbit and 
there are N thrusters where N = 1 or any even number, then 

AV = 2N 

(365.25 days/yr) M^r 

The thrusters thus operate for t Q seconds each. By symmetry, only the 
rF cos 6 torque components are additive and if the thrusters are in- 
clined at an angle <f> from true north or south we have 
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AV 

365.25 


M y 

sc 


rF cos 0 cos <j> dt 


= constant 


F = constant 


AV _ 2NF 
365.25 = Mg c 


COS <j> 


cos 0 dt 


Because the orbit is geosynchronous 


24(60)' 


AV _ 2NF cos 
365.25 " M„ _ 


cos [wm dt 


AV _ 2NF cos <t> (43 200) . ( o 

365.25 M gc it Sin \86 400^ 


C M 

1 ^ srr ciri (Vi S R v t fl 


t = 2.75x10 arc sin ((4.58x10 ) == - 

o 1 NF cos <{> 


for AV = 46 m/sec-yr. 


The operating time, t, per orbit per thruster in hours is 


t 
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or 


For a mission of length Y years, 
time per thruster in hours is 


t = 7.64 arc sin|4 .58xl0 -6 NF cos _ 4>'} 

v. J 

the total north south station keeping 


■4.58X10 -6 Mg^ 


T SK = (2- 79x1 ° 3 ) Y arc sin ( NF cos * 


If there are two thrusters (N = 2) and redundancy is required such that 
either thruster has sufficient lifetime and propellant to entirely accom- 
plish the mission, then the required thrusting time per thruster is 


/4.58xl0 -6 M, 
T SK = (2.79*10 3 )Y arc sinl ? CQS j 


SC 


The additional total time that propellant is being consumed due to 
preheat and cool down can be expressed in hours as 

T pH = 365.25 Yt pH 

where tpj^ is the equivalent amount of time, in hours per orbit, that 
propellant is being expended during thruster preheat or cooldown. For 
the above, tpH, the flow rate is assumed to be that of normal thruster 
operation. 

Assuming thruster redundancy (either thruster has sufficient life- 
time and propellant to entirely accomplish the mission) and using the 
derived expressions for and Tpjj result in 

r(4.58xlO" 6 )M ^ 

= 2.088x10 Ym arc sin ^ ■ F J + 2.73x10 Yt pR m 

Propellant tank masses, M^, for the small size ty-pically required 
for north-south station keeping can be empirically expressed as 

Mpk = (0.123)^ + 0.2 

Summing all the thruster system masses for two redundant thrusters using 
the following projected SIT-8 engineering model thruster system values: 


^ - 1.69 kg 

Mq = 0.68 kg 
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m = 84.4 mA 
F = 4.45xl0- 3 N 
tpjj = 0.25 hour 

Mp C = 6.49 kg 


results in 


ri.03xicr 3 m„'' | 

Mxot * 18 - 12 + 3 - 96 Y ar <= sln ^ j + °- 129 Y 

A plot of the total thruster mass using the above equation is 

shown in figure 68(a) and (b) for thrusters oriented at <j> = 0° and 45°, 
respectively. If there were only one thruster, then all the values 

would be one half those shown in figures 68(a) and (b). 

Because the propellant mass required is lowest at <j> = 0 and 
thruster efflux must be considered, mounting of thrusters at the ends of 
the solar arrays as shown in figure 69 is desirable. 
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TABLE I. - CATHODE INSERT COMPARISON TABLE 


Initial starting 


imperature, 

°C 


Typical starting 


Impregnated 

#1 


Keeper 

Cathode tip 

Voltage, 

V 



A 

Running , 
W 

Lowest 

starting, 

W 

14-16 

0.2-0. 4 

8.1 

20.4 

12-16 

0.2-0. 5 

7.7 

17.2 

12-14 

0.2-0. 4 

7.7 

17.5 

10-12 

0.2-0. 4 

7.7 

(auto) 

20.9 

10-14 

0.2-0. 4 

7.1 

(auto) 

18.1 

13-16 

0.2-0. 4 

7.0 

23.1 

14-17 

0.2-0. 4 

7.2 

(auto) 

20.0 

10-14 

0.2-0. 4 

7.7 

20.2 

12-15 

0.2-0. 4 

7.7 

10.7 


Number 

of 

starts 
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TABLE II. - MAIN CATHODE STARTING CONDITIONS FOR ENCLOSED 
KEEPER WITH 2.54-MM DIAMETER ORIFICE 


Starting 

technique 

Tip 

temperature , 
°C 

Hg flow, 
mA 

Keeper 

voltage, 

V 

Breakdown 
voltage , 
kV 

(a) Rolled foil insert 

A 

~800 



6-10 

B 

- 800 



0.5-4 

C 

'825 

45-50 

600 

- 

(b) Impregnated insert 

A 

-1050 

43-70 

30 

3-4 

B 

-1050 

43-70 

40 

5-7 

A 

-1150 

15 

40 

3 

B 

'1150 

15 

50 

3 

C 

-1150 

50 

600 

- 

A 

-1200 

15 

25 

2 

B 

'1200 

15 

35 

0.5 

C 

-1200 

25 

600 

- 


A - Pulse-to-auxiliary electrode 
B - Pulse-to-keeper 
C - Conventional start 
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TABLE III. - NEUTRALIZER CATHODE STARTING CONDITIONS FOR 
ENCLOSED KEEPER WITH 1.15-MM DIAMETER ORIFICE 



Tip 

temperature, 

°C 

— 
Hg flow, 
ifiA 

Keeper 

voltage, 

v 

Breakdown | 
voltage, j 

kV 

(a) Rolled foil insert 

A 

'800 

5-20 

25 

5-7 j 

B 

-800 

5-20 

35 

0.5-2. 5 ; 

C 

-800 

5-20 

500 

No start 

A 

825-850 

10-12 

20 

7 

B 

825-850 

10-12 

30 

0.5-1 

C 

825-850 

10-12 

500 

| 

(b) Impregnated insert 

A 

~925 

12-22 

30-35 

5-8 | 

B 

'925 

12-22 

40-50 

6-7 

! 

A 

-1000 

6-34 

20-30 

6-10 

B 

-1000 

6-34 

35-40 

5-9 

A 

-1075 

8-10 

20 

5-7 

B 

-1075 

8-10 

40 

6 

A 

-1150 

60-65 

10 

4-5 

B 

-1150 

60-65 

18 

0.5-1 

C 

-1150 

60-65 

600 

- 


A - Pulse-to-auxiliary electrode 
B - Pulse-to-keeper 
C - Conventional start 
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TABLE IV. - EFFECTS OF VARIOUS 
CATHODE CONTAMINANTS 


Substance or 
condition 

! 

Rolled 
tantalum 
foil insert 

Cylindrical 

impregnated 

insert 

Initial start 

Slight 

Slight 


degradation 

degradation 

Air 

Slight 

Major 


degradation 

degradation 

Polyethylene 

Slight 


bag 

degradation 


Acetone vapor 

Slight 


Polyethylene 

degradation 

Slight 


bag with 

degradation 


; silica gel 
Alcohol vapor 

Slight 


Breath 

degradation 

Slight 


Mechanical 

degradation 

Slight 


shaking 

degradation 


Diffusion pump 

Slight 

Major 

! oil vapor 

degradation 

degradation 

| Argon vapor 

Maj or 


with cathode 

degradation 


tip at 100° C 
Air with cathode 

Slight 

Major 

j tip at 100° C 

degradation 

degradation 







TABLE V. - CATHODE OPERATING CONDITIONS 



SIT-5 thruster 

Vacuum bell jar 


(0-9715 hr) 

(9716-19 000 hr) 

Keeper voltage, V 

12-15 

15-17 

Keeper current, A 

0.28-0.30 

0.25-0.29 

Discharge voltage , V 

37-40 

36-40 

Discharge current, A 

0.35-0.40 

0.37 

Equivalent Hg + flow, mA 

32-34 

50-52 

Tip heater power, W 

0 

2. 5-2. 8 

Vaporizer power, W 

5.6 

6. 5-7. 2 


TABLE VI. - CATHODE STARTING CONDITIONS 


Conventional starting 

Tip heater 
power, 

W 

Keeper voltage, 
V 

Equivalent 
Hg + flow, 
mA 

20-25 

500-800 
(Open circuit) 

- 70 

High voltage pulse- 
to-keeper 

a 16.0-18.5 

35-37 

50-52 


a A tip heater power of 20.3 W was used for one of the starts 
following diffusion pump oil contamination of the bell jar. 
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TABLE VII. - CHARACTERISTIC OPERATING CONDITIONS 
DURING SIT -5 EROSION TESTS 


Discharge potential (AVj) , V 

36.6 

1 39.6 


Ion beam accelerating potential, 3 (Vj + Vq) , V 

1400 

1400 


Accelerator potential (V A ) , V 


-700 


Neutralizer coupling potential (Vq) , V 

-7 

-7 

-9 

Beam current (Jg) , mA 

23.4 

23.4 

23.4 

Accelerator drain current (J^) , mA 

0.127 

0.090 

0.079 

Emission current (Jg) , mA 

268 

311 

332 

Cathode Hg flow rate (m ) , equiv. mA 

40.0 

34.5 

33.4 

Neutralizer Hg flow rate (m^) , equiv. mA 

1.7 

2.2 

2.4 

Cathode keeper potential (V ) , V 

14 

14 

14 

Cathode keeper current (Jqr) , mA 

400 

400 

400 

Cathode tip heater power , W 

0 

0 

0 

Discharge utilization, percent 

58.5 

67.8 

70.0 

Discharge losses, ^ eV/ion 

419 

526 

604 

High voltage on time, hr 

409 

400 

407 

Discharge on time , hr 

416 

416 

416 


a Equals net accelerating potential, Vj, plus neutralizer coupling 
potential, V G (<0) . 

Excluding cathode keeper losses and neglecting double ionization . 
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TABLE VIII. - CHARACTERISTIC OPERATING CONDITIONS 
DURING ACCELERATED LIFE TEST 


— 
Discharge potential (AVj), V 

64.6 

Ion beam accelerating potential, 3 (Vj + V G ) , V 


Accelerator potential (V^, V 


Neutralizer coupling potential (Vq), V 

-14 

Beam current (Jg), mA 

23.4 

Accelerator drain current (J^), mA 

0.063 

Emission current (Jg), mA 

372 

Cathode Hg flow rate (m^, equiv. mA 

29.9 

Neutralizer Hg flow rate (m^) , equiv. mA 

b 14. 7 

Cathode keeper potential (Vqj) , V 

15 

Cathode keeper current (Jqt) , mA 

400 

Cathode tip heater power, W 

0.0 

Discharge utilization, percent 

78.2 

Discharge losses, c eV/ion 

1027 

High voltage on time, hr 

200 

Discharge on time, hr 

200 


Equals net accelerating potential, Vj, plus neutralizer 
coupling potential, V G (<0) . 

^Excessively high neutralizer flow rate required to maintain 
satisfactory neutralizer coupling potential; defective neu- 
tralizer operation indicated. 

c 

Excluding cathode keeper losses and neglecting double ioni- 
zation. 
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TABLE IX. - MAJOR COMPONENT WEIGHT LOSSES 
IN ACCELERATED LIFE TEST 


Component 


Weight loss, 
mg 

Cathode pole piece 

10.9 

11.44 

Cathode pole piece tip cover 

0.182 

59.48 

Cathode pole piece outer flange cover 

.561 

14.54 

Baffle 

.267 

25.63 

Baffle screw 

.110 

8.77 

Baffle nut and washer ^ 

.159 

1.43 

Endplate cover 

16.2 

5.37 

Screen grid upstream surface 


d 90 . 1 


^ith tantalum covers and baffle parts disassembled. 
^Located upstream of baffle location; see fig. 22. 


C A11 screen grid erosion observed to be on upstream surface. 

^Estimated from total measured grid system weight loss of 
99.5 mg. 


TABLE X. - TYPICAL THRUSTER OPERATING CONDITIONS 


Net accelerating potential, V 1250 
Accelerator potential, V -500 
Beam current, mA 72 
Discharge chamber utilization efficiency, percent 76 


Neutralizer Parameters 


Tip heater power, W 0 
Vaporizer power, W 2.2 
Flow rate, mA 7.0 
Keeper voltage, V 17.0 
Keeper current, A 0.45 
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TABLE XI. - ACCELERATOR GRID HOLE DIAMETER MEASURE- 
MENTS AT FOUR LOCATIONS AND AT FIVE TIMES 


Time, 

hr 

Upstream surface 

Downstream surface 

Center , 
mm 

Edge, 

mm 

Center, 

mm 

Edge, 

mm 

4 

0.68 

Not 

sputtered 

through 

0.47 

Not 

sputtered 

through 

20 

0.84 

0.72 

0.61 

Hexagonal 3 

0.51-0.61 

149 



0.83 

Hexagonal 3 

0.61-0.69 

462 

1.04 

0.86 

0.83 

0.66-0.76 

1006 

1.12 

0.86 

0.83 

0.71-0.82 


a Smaller value Is distance between opposite sides 
of hexagon. Larger value is distance between op- 
posite vertices of hexagon. 
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TABLE XXI. - 8-CM ION THRUSTER OPERATING CONDITIONS 



Program 

goal 

Small hole 
accelerator 
grid 

Large hole 
accelerator 
grid 

Thrust 3 (ideal) , mlb 

1.14 

1.15 

1.15 

Specific impulse, 3 sec 

2804 

2958 

2247 

Total input power, W 

122.19 

131.54 

134 . 21 

Total efficiency, 3 percent 

57.5 

56.7 

42.2 

Power efficiency, percent 

71.3 

66.4 

65.3 

Total utilization, 3 percent 

80.6 

85.4 

64.6 

Discharge utilization, 3 percent 

86.4 

91.9 

68.3 

Total neutral flow, mA 

89.3 

85.2 

112.0 

Power /thrust, 3 W/mlb 

107 

114 

116.7 

eV/ion excluding keeper, V 

294 

286 

369 

eV/ion including keeper, V 

328 

338 

381 

Beam current, Jg, mA 

72 

72.8 

72.4 

Net accelerating voltage, Vj, V 

1220 

1220 

1220 

Neutralizer floating potential, Vg, V 
Output beam power, W 

-10 

-20 

-10 

87.12 

87.36 

87.60 

Accelerator voltage, V A , V 

-500 

-300 

-300 

Accelerator drain current, J A , mA 

0.23 

0.25 

0.35 

Accelerator drain power, W 

0.40 

0.38 

0.53 

Discharge voltage, AVj, V 

40 

38.5 

40.5 

Emission current, Jg , A 

0.53 

0.54 

0.66 

Discharge power, W 
Cathode : 

21.2 

20.79 

26.73 

Keeper voltage, Vck, V 

10.0 

17.5 

16.5 

Keeper current, Jqj, A 

0.240 

0.22 

0.05 

Keeper power, W 

2.4 

3.85 

0.83 

Heater voltage, Vqj, V 

0 

0 

0 

Heater current, Jqj, A 

0 

0 

0 

Heater power, W 

0 

0 

0 

Vaporizer voltage, V c y, V 

4.0 

2.2 

2.2 

Vaporizer current, J c y, A 

1.0 

2.1 

2.1 

Vaporizer power, W 

4.0 

4.6 

4.6 

Flow rate, mA 
Neutralizer: 

83.3 

79.2 

106.0 

Keeper voltage, Vj^k, V 

14.1 

17.8 

18.0 

Keeper current, J^, A 

0.360 

0.5 

0.5 

Keeper power, W 

5.08 

8.9 

9.0 

Heater voltage, V^H, V 

0 

0 

0 

Heater current, J^, A 

0 

0 

0 

Heater power, W 

0 

0 

0 

Vaporizer voltage, V^y, V 

1.65 

2.1 

2.1 

Vaporizer current, J^, A 
Vaporizer power, W 

.77 

2.0 

2.0 

1.27 

4.2 

4.2 

Flow rate, mA 

6.0 

6.0 

6.0 

Neutralizer coupling power, W 

0.72 

1.46 

0.72 


Accounting for neutralizer floating potential but neglecting beam 


divergence and double ionization. 
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TABLE XIII, - SIT-8 PERFORMANCE GOALS 
Performance standards 

Startup to design-performance operation within 
a minimum time not to exceed 30 min 

Operating characteristics that permit stable 
closed-loop control operation 

Thrust vector angle , ±10° in two orthogonal 
directions 

Projected lifetime, 20 000 hr 

Capability to undergo 100 000 vectoring cycles 
under space conditions 

Capability to undergo 10 000 restarts under 
space conditions 

Structurally integrated design 

Thrust, 1 mlb 

Performance parameters 

Electrical efficiency, 0.75 

Propellant utilization efficiency 0.85 

Overall efficiency, 0.63 

Effective specific impulse, 2944 sec 

Net accelerating voltage, 1220 V 

Approximate total weight, 2.1 kg (not including 
propellant or tankage) 
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TABLE XIV. - 1-MLB 8-CM ION THRUSTER OPERATING CONDITIONS 



Program 

As 

After 


goals 

delivered 

optimization 

Thrust 3 (ideal), mlb 

1.14 

1.12 

1.14 

Specific impulse, 3 sec 

2804 

1805 

2912 

Total input power, W 

122.19 

144.99 

131.66 

Total efficiency, 3 percent 

57.5 

30.5 

55.4 

Power efficiency, percent 

71.3 

57.4 

66.2 

Total utilization, 3 percent 

80.6 

53.1 

83.7 

Discharge utilization, 3 percent 

86.4 

65.1 

90.0 

Total neutral flow, mA 

89.3 

135.6 

86.0 

Power/thrust , a W/mlb 

107 

129.5 

115.5 

eV/ion excluding keeper, V 

294 

270 

328 

eV/ion including keeper, V 

328 

288 

328 

Beam current, Jg, mA 

72 

72 

72 

Net accelerating voltage, Vg, V 

1220 

1220 

1220 

Neutralizer floating potential, V , V 
Output beam power , W 

-10 

-64 

-10 

87.12 

83.23 

87.12 . 

Accelerator voltage, V A , V 

-500 

-300 

-300 

Accelerator drain current, J^, mA 

0.23 

0.195 

0.320 

Accelerator drain power, W 

0.40 

0.30 

0.49 

Discharge voltage, AVg, V 

40 

38.9 

39.3 

Emission current, Jg, A 

0.53 

0.50 

0.60 

Discharge power, W 
Cathode: 

21.2 

19.45 

23.58 

Keeper voltage, Vqt, V 

10.0 

8.5 

8 

Keeper current, J^, A 

0.240 

0.15 

0 

Keeper power, W 

2.4 

1.28 

0 

Heater voltage, V^g, V 

0 

5.5 

0 

Heater current, Jqj, A 

0 

3.0 

0 

Heater power, W 


16.5 

0 

Vaporizer voltage, V^y, v 

4.0 

2.3 

4.3 

Vaporizer current, J^y, ^ 

1.0 

0.9 

2.1 

Vaporizer power , W 

4.0 

2.07 

9.0 

Flow rate, mA 
Neutralizer : 

83.3 

110.6 

80 

Keeper voltage, V^, V 

14.1 

15.0 

17.5 

Keeper current, •%£, A 

0.360 

0.5 

0.5 

Keeper power , W 

5.08 

7.5 

8.75 

Heater voltage, Vjjg, V 

0 

4.6 

0 

Heater current, J^h» A 

0 

2.15 

0 

Heater power, W • 

0 

9.89 

0 

Vaporizer voltage, V^y, V 

1.65 

0.80 

2.0 

Vaporizer current, J NV , A 

0.77 

0.20 

1.0 

Vaporizer power, W 

1.27 

0.16 

2.0 

Flow rate, mA 

6.0 

25.0 

6.0 

Neutralizer coupling power , W 

0.72 

4.61 

0.72 


Accounting for neutralizer floating potential but neglecting beam di- 
vergence and double ionization. 




61 


TABLE XV. - PROJECTED ENGINEERING MODEL SIT-8 


THRUSTER OPERATING CONDITIONS 


Thrust 3 (ideal), mlb 

1.14 


Specific impulse , a sec 

2955 


Total input power, W 

125.4 


Total efficiency, 3 percent 

58.8 


Power efficiency, percent 

68.9 


Total utilization, 3 percent 

85.3 


Discharge utilization, 3 percent 

91.8 


Total neutral flow, mA 

84.4 


Power/ thrust , a W/mlb 

110 


eV/ion excluding keeper, V 

289 


eV/ion including keeper, V 

339 


Beam current, Jg, mA 

72 


Net accelerating voltage, Vj, V 

1220 


Neutralizer floating potential, V^, V 
Output beam power, W 

-20 

86.4 


Accelerator voltage, V^, V 

-300 


Accelerator drain current, J^, mA 

0.23 


Accelerator drain power , W 


0.4 

Discharge voltage, AVj, V 

38.5 


Emission current, Jg, A 

0.54 


Discharge power, W 
Cathode : 


20.8 

Keeper voltage, Vgg, V 

14.5 


Keeper current, JcK> A. 

0.25 


Keeper power , W 


3.6 

Heater voltage, V 

0 


Heater current, Jqjj, A 

0 


Heater power, W 


0 

Vaporizer voltage, V^y, V 

2.2 


Vaporizer current, J^y, A 

0.9 


Vaporizer power, W 


2.0 

Flow rate, mA 
Neutralizer : 

78.4 


Keeper voltage, Vj^, V 

18 


Keeper current, JfjK, A 

0.5 


Keeper power, W 


9.0 

Heater voltage, %jj, V 

0 


Heater current, J^g, A 

0 


Heater power, W 


0 

Vaporizer voltage, Vfjy, V 

3.5 


Vaporizer current, J^jy, A 

0.5 


Vaporizer power, W 


1.8 

Flow rate, mA 

6.0 


Neutralizer coupling power, W 


1.4 


Accounting for neutralizer floating potential but neglect- 
ing beam divergence and double ionization. 
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Test hours 

Net accelerating potential, V 
Accelerator potential , V 
Beam power, W 
Discharge power, W 
Component power 

Accelerator drain, W 
Cathode 
Heater, W 
Keeper, W 
Vaporizer, W 
Neutralizer 
Heater, W 
Keeper, W 
Vaporizer, W 
Total input power, W 
Power efficiency, percent 
i Utilization efficiency, percent 
j Overall efficiency, percent 
j Thrust, mN 

i Specific impulse, sec 
[ P/T ratio, W/mN 




TABLE XVII. - 8-CM THRUSTER STARTING REQUIREMENTS 


Test, 

Start 

Cathode 

Cathode 

Voltage , 

Neutralizer 

Neutralizer 

Voltage , 

hr 

number 

vaporizer 

heater 

kV, 

vaporizer 

heater 

kV, 



temperature, 

power. 

and pulse 

temperature, 

power, 

and pulse 



°C 

W 

number 

°C 

W 

number 

500 

12 

360 

15 

13.9/1 

370 

15 

14.6/4 

1000 

31 

330 

15 

13.9/1 

400 

21 

13.9/1 

1088 

36 

340 

15 

13.9/1 

340 

21 

13.9/1 

1500 

54 

350 

14 

15.0/5 

350 

21 

15.0/1 

2000 

68 

360 

15 

13.9/3 

380 

21 

13.9/2 

2500 

90 

360 

15 

11.9/1 

400 

20 

13.9/1 

3000 

102 

390 

14.5 

12.5/2 

400 

20 

15.0/2 

3500 

121 

370 

15 

13.5/5 

390 

21 

15.0/1 

3557 

122 

380 

15 

12.5/4 

400 

21 

15.0/2 

4000 

134 

380 

15 

12.5/2 

390 

21 

15.0/2 

4500 

154 

350 

15 

12.5/1 

350 

21 

15.0/10 


155 

340 

15 

12.5/1 

380 

21 

15.0/8 


156 

340 

15 

12.5/3 

370 

21 

15.0/1 


157 

340 

15 

12.5/5 

400 

21 

15.0/1 

5000 

169 

370 

15 

12.5/2 

375 

li 

15.0/1 


TABLE XVIII. - SUMMARY OF CATHODE STARTING CONDITIONS 



Tip heater 
power, 

W 

Vaporizer 
power , 

W 

Equivalent 
Hg + flow, 
mA 

Keeper 

voltage, 

V 

Breakdown 

voltage, 

kV 

Main cathode 

19-20 

9.5-10 

120 

30-31 

8-10 

Neutralizer 

13-14 

6. 5-7.0 

8 

34-35 

10-12 
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TABLE XIX. - SUMMARY OF THRUSTER OPERATING CONDITIONS 
AVERAGED FOR CYCLES 201-225 


Thrust a (ideal) , mlb 

1.23 


Specific impulse, 3 sec 

2100 


■ Total input power, W 

145.95 


Total efficiency, 3 percent 

38.7 


Power efficiency, percent 

63.8 


Total utilization, 3 percent 

60.6 


Discharge utilization, 3 percent 

64.7 


Total neutral flow, mA 

128 


Power /thrust, 3 W/mlb 

119 


eV/ion excluding keeper, V 

337 


eV/ion Including keeper, V 

348 


Beam current, Jg, mA 

77.6 


Net accelerating voltage, Vj, V 

1220 


Neutralizer floating potential, Vg, V 
Output beam power, W 

-19.4 



93.12 

Accelerator voltage, V A , V 

-300 


Accelerator drain current, J A , mA 

0.48 


Accelerator drain power, W 


0.73 

Discharge voltage, AVj, V 

37.4 


Emission current, Jg, A 

0.70 


Discharge power, W 
Cathode : 


26.2 

Keeper voltage, V^g, V 

15.9 


Keeper current, J CK , A 

0.052 


Keeper power, W 


0.82 

Heater voltage, V,^, V 

0 


Heater current, Jgg, ^ 

0 


Heater power, W 


0 

Vaporizer voltage, V^y, V 

3.00 


Vaporizer current, J(vy, A 

2.95 


Vaporizer power, W 


8.86 

Flow rate, mA 

120 


i Neutralizer: 


, 

Keeper voltage, Vq K , V 

17.4 


Keeper current, Jck» A 

0.300 


i Ke'eper power, W 


0.52 

! Heater voltage, Vqjj, V 

4.64 

! 

! Heater current, J^g, A 

1.83 


i Heater power, W 


8.50 

Vaporizer voltage, Vgy, V 

2.46 


Vaporizer current, Jgy, A 

2.31 


j Vaporizer power, W 


5.69 

Flow rate, mA 

8 


j Neutralizer coupling power, W 

1 

1.51 


Accounting for neutralizer floating potential but neglect- 


ing beam divergence and double ionization. 



TABLE XX. - LABORATORY THRUSTER TEST CONSOLE POWER SUPPLIES 


Supply 

Voltage 

Current 

Regulation, 

percent 

Control 

Screen 
Accelerator 
Discharge 
Cathode keeper 
Ignitor 

Neutralizer keeper 
Ignitor 

Cathode vaporizer 

Neutralizer vaporizer 

Cathode tip 
Neutralizer tip 

2000 V d.c. 
2000 V d.c. 

100 V d.c. 

34 V d.c. 

450 or 900 V d.c. 

34 V d.c. 

450 or 900 V d.c. 
6 V d.c. 

6 V d.c. 

12.6 V a.c. 
12.6 V a.c. 

200 mA d.c. 

10 mA d.c. 

1.5 A d.c. 

0.5 A d.c. 

100 mA short circuit 
0.5 A d.c. 

100 mA short circuit 
10 A d.c. 

10 A d.c. 

10 A a.c. 

10 A a.c. 

V or I, 0.01 
V, 20 
1> 1 
I, 1 

1* 1 

V, 3 

V, 3 

V, 3 
V, 3 

Manual 

Manual 

Manual 

Manual 

Manual 

Manual 

Manual 

Manual or discharge 
voltage 

Manual or neutralizer 
keeper voltages 
Manual 
Manual 
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Main bus voltage, V d.c. 

Housekeeping bus voltage, V d.c. 

Input power, W 
Electrical efficiency 

Maximum allowable input ripple, percent 
Nominal operating baseplate temperature. 
Baseplate area, cm^ 


Thrust 

level 

1 mlb level 

2 mlb level 

70±20 

70±20 

28±10% 

28±10% 

120 

240 

0.82 

0.85 

1 

1 

50±5 

60±5 

1587 

1587 



TABLE XXII. - SIT -8 THRUSTER SYSTEM WEIGHT BREAKDOWN 
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Figure 1. - SERT I. 
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Figure 2. - SERT II. 
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Figure 3. - SIT-5 thruster. 
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Figure 4. - Flow rate dependance of tip erosion rate. 
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Figure 7. - Differential screw dished grid displacement 
vectoring system. 
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Figure 8. - Bellows enclosed cam driven grid displacement vectoring system. 
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Figure 12. - Schematic of propellant feed and isolator system test installation. 
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Figure 13. - History of 1600 volts isolator test. 
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Figure 14. - History of SIT-51 mercury propellant expulsion test. 
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Figure 15. - 5-cm Thruster sectional view. (Neutralizer and ground 
screen not shown. ) 




Figure 16. - Weight erosion (or gain) rate of discharge chamber components versus 
discharge potential. 
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PROPORTIONAL TO PRODUCTION RATI OF Hg +2 IONS 



PRIMARY ELECTRON ENERGY, eV 

Figure 17. - Theoretical production rate of Hq +2 fc>ns ; dependence on primary 
electron energy. Production reaction. Hg*(ground state) _£.Hg +2 (ground 
state). 



Figure 18. - Upstream anode coating flake from SIT-5 en- 
durance test. 



Figure 19. - Thick (2.8 mm) pyrolytic graphite baffle assembly 
mounted on cathode pole piece, before test. 
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Figure 20. - Thin (0.63 mm) isotropic graphite baffle mounted on 
cathode pole piece with tantalum hold-down screw, before test. 
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Figure 21. - Thick pyrolytic graphite baffle base following 400 
hour test. 
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Figure 22. - Modified 5-cm thruster sectional view. Neutralizer and ground screen not shown. (Fig. 1 of ref. 30. 1 
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Figure 7i. - Tantalum baffle and baffle screw, before test. 




Figure ?4. - Cathode pole piece-baffle assembly with tantalum foil covers, 
before test. 




Figure 25. - Upstream side of anode pole piece insert, before test, shew- 
ing tantalum plasma-sprayed interior surfaces. 



Figure 26. - Downstream surface of baffle, after test. Central area 
covered by baffle screw head. 
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Figure 27. - Composite anode-thruster body assembly before test. Tan- 
talum foil insert on left; stainless steel wire cloth insert on right. 



Figure 28. - Grit-blasted interior anode surface, before test, 



Figure 29. - Electron micrograph of grit-blasted interior anode surface, 
before test. 



Figure 30. - Stainless steel wire cloth anode insert, before test; mag- 
nified view. 
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Figure 31. - Portion of tantalum foil anode insert, after test, showing 
coated grit-blasted surface, at bottom, and smooth surface with coating 
spalled off, at top. View magnified. 



Figure 32. - Interior view of anode surface, after test. Smooth tantalum 
foil insert surface on left; smooth stainless steel anode surface on right. 



M 


Figure 33. - Portion of loose flakes and material collected from thruster 
discharge chamber after test. Smallest divisions on ruler each 0. 234 1 mm 
(0.01 in.). 



Figure 34. - Electron micrograph of spalled coating on wire cloth 
anode insert. 
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Figure 36. - Movable thruster and neutralizer mounted on cover flange. 



NEUTRALIZER FLOATING POTENTIAL, V KEEPER 

VOLTAGE, V 



(a) NEUTRALIZER KEEPER VOLTAGE. 



(b) NEUTRALIZER FLOATING 
POTENTIAL. 


Figure 37A. - Effects of varying 
neutralizer keeper current. 
Keeper hole, 0.159 cm ; keeper 
gap, 0.108 cm; axial distance, 
5.0 cm; radial distance, 

2.75 cm. 


AXIAL DISTANCE 



Figure 37B. - Effects of neutralizer position 
on floating potential. Keeper hole, 

0.159 cm-, keeper gap, 0.108 cm; flow 
rate, 7.7 MA; keeper current, 0.45 A. 
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RADIAL DISTANCE FROM OUTER HOLE, CM 

Figure 38, - Effects of neutralizer position 
and keeper hole size on floating potential. 
Axial position, 5cm; flowrate, 7 MA; 
keeper current, 0.45. A; keeper gap, 

0. 108 cm. 
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CURRENT DENSITY, MA/C/W 



RADIAL DISTANCE FROM CENTERLINE, CM 

Figure 41. - Ion beam current density along beam boundary as measured with planar probe. 
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Figure 42. - Ion beam current 
density envelopes. 
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QCM POSITION, CM 


Figure 43. - Sputter deposition rate 
versus QCM position for 8 cm 
cyclic endurance test. 
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NORMALIZED ACCELERATOR CURRENT, J A /JX- 
AND BEAM CURRENT. Jg/J^ 




Figure 46. - Plot showing variation of accelerator current 
with thruster operating hours. 




(a) DOWNSTREAM SURFACES. 



(b) UPSTREAM SURFACES. 


Figure 47. - Ion machined accelerator grid system after 1006 hours op- 
eration. 
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Figure 48. - Upstream views of the partially sput- 
tered through region of the accelerator grid. 

(a) Low magnification view of some, partially 
sputtered through hole, (b) High magnification 
view of one particular accelerator hole. 




(a) ORIENTATION OF HEXAGONAL GRID APERATURES. 



(b) HIGH MAGNIFICATION VIEW OF ONE APERATURE. 

Figure 49. - Photomicrographs of hexagon accelerator hole geometry on 
downstream side of accelerator grid taken after 462 hours. 
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Figure 50. - Propellant utilization efficiency as a function 
of accelerator hole diameter as predicted by equation (3), 
7? u0 = 1/(1 + 0.149 D 2 ). The reference point corresponds 
to r) u = 70% at 325 eV/ ion. 



Figure 51. - Discharge chamber losses as a 
function of discharge chamber utilization 
for thruster with ion machined accelerator 
grid. Data was taken at constant mercury 
flow. Vj, 1220 volts; V A . -300 volts. 
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Figure 54. - SIT-8 thruster. 
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073-2691 

Figure 55. - 8 cm Diameter ion thruster mounted for cyclic-endurance 
testing. 



Figure 56. - Interior of vacuum test facility prior to test. 
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B HIGH TANK PRESSURE 
C LOW BEAM CURRENT 
D HIGH DRAIN CURRENT 
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Figure 57. - Continued. 
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Figure 57. * Concluded. 
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<0.34 mm ORIFICE, DIAMETER, <0.37 mm 
Figure 58. - Microphotographs of neutralizer tip after 1156 hours of operation. 
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Figure 59. - Thruster back plate assembly before test. 
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Figure 60. - Thruster back plate assembly after 1156 hours operation 
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Figure 61. - Laboratory thruster test console. 
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Fig. 62. - Block diagram of laboratory thruster test console. 
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Fig, 64. - Power processor block diagram, 










STATE SETPOINTS 



Figure 65. - Block diagram of power processor supplies interconnections for 8-cm thruster operations. 
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SPACECRAFT MASS, 



(B) THRUSTERS ORIENTED 45° FROM NORTH AND 
SOUTH {tp = 4^). 


Figure 68. - Total thruster system mass for two thruster systems (one is redundant) 
as a function of mission length. 
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(bl SIT-8 THRUSTER SYSTEM AS CONFIGURED AT THE END OF THE SOLAR ARRAY. 


Figure 69. - Spacecraft with ion thrusters at ends of the solar array. 


